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REMARKS 

The new claims submitted above find support throughout the specification as filed. No 
prohibited new matter has been added. Exemplary support is provided in the table below: 



New Claims 


Support in Specification 


76-77 


page 13, lines 5-15; page 16, line 3 to page 17, line 8; page 20, lines 3-20; 
page 32, line 23-page 33, line 9; page 36, lines 2-6; page 37, lines 17-20; 
Examples 10-11 


78-79 


page 13, lines 7-8 


80-81 


page 33, lines 7- 9 


82-84 


page 14, lines 10-16 


85-89 


page 22, lines 8-10 


90-91 


page 30, lines 6-10 


92-103 


page 28, lines 14-23; page 36, line 2 to page 37, line 16; Example 1 1; page 
88, lines 11-14 


104-114 


Example 12 


115-116 


original claim 1; page 4, line 14; page 19, lines 4-25; page 44, line 6, to page 
45, line 2; page 48, lines 22-25 


117-118 


page 4, line 12; page 45, lines 23-25 


119-120 


page 4, line 12; page 7, lines 4-9; page 45, lines 3-23 


121-122 


page 48, lines 7-24 


123-125 


page 48, line 24, to page 49, line 4 


126-140 


original claims 5-22 
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Applicants also wish to respond in part to the rejection under 35 U.S.C. §103(a) based on 
Fire in view of Wianny, which was set forth in the Office Action mailed June 3, 2004, in parent 
application 10/062,707. On page 12 of the Office Action, the Examiner stated: "Fire et al are 
deficient in that they do not specifically teach the use of conditions that inhibit or prevent an 
interferon response. However, Wianny et al teach ... the use of conditions that will prevent or 
inhibit an interferon response in animal cells." The Examiner made particular reference to the 
discussion in Wianny et al, stating "we have shown here [using our conditions] that the injection 
of a dsRNA . . . does not cause a general translational arrest [i.e., no interferon response that 
would otherwise lead to apoptosis], because embryos continue to develop and we see no signs of 
cell death." Thus, importantly, the teachings of Wianny et al are all directed to RNA 
interference in vertebrate embryo cells, more specifically, mouse embryonic cells. 

As known to those of skill in the art, the "interferon response" discussed in the Office 
Action is also typically known as the "PKR response" or "stress response." This response was 
initially observed as a response to certain viruses, since dsRNAs are a common intermediate or 
end product in many viral infections. To elaborate for the record, the introduction of long 
dsRNAs into the cytoplasm of a stress-competent cell induces the synthesis of alpha and beta 
interferons. Protein kinase R (PKR), which is normally present in an inactive form at low levels 
in cells, is induced by interferon. When dsRNAs enter the cells, they are thought to bind to PKR 
and induce dimerization, resulting in a conformational change, the unmasking of a catalytic 
domain, and autophosphorylation. After PKR is activated, it can phosphorylate a number of 
substrates, including eukaryotic initiation factor 2 (eIF-2a). Phosphorylated eIF-2a then binds to 
eIF2B, which impairs the eIF2B-catalyzed guanine nucleotide exchange reaction, resulting in 
inhibition of protein synthesis. (See Thomis and Samuel, 1992, PNAS 89: 10837-41, at p. 
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10837, col. 1; see also Wang and Carmichael, 2004, Microbiol. Mol. Biol. Rev. 68(3): 432-52 
for a more recent review on the interferon/PKR response to dsRNA) (copies attached). 

Applicants respectfully note that Wianny et al do not teach the use of conditions that will 
inhibit or prevent an interferon response because vertebrate embryonic cells are naturally 
deficient in the interferon response . Moreover, it has been known in the art since at least the 
1970s that vertebrate embryonic cells are deficient in the interferon response . 

For instance, as stated in Haggarty et al (1988 , Nucleic Acids Res. 16(22): 10575-92, 
copy attached), one of the markers associated with the undifferentiated state of embryonal 
carcinoma (EC) cells is " the inability to produce interferon in response to exposure to viruses or 
double stranded RNA, a characteristic shared with early embryos " (with emphasis). In fact, 
Haggarty et al cites several articles published between 1978-1984 that show that, even then, it 
was known that vertebrate embryonic cells do not produce or respond to interferon. See Burke, 
1978, Cell 13:243-48; Coveney et al, 1984, Biochem. Biophys. Res. Commun. 121: 290-96; 
Barlow et al, 1984, Differentiation 27:229-35 (copies attached). 

Thus, Wianny et al did not overcome the prejudice in the art concerning the use of RNAi 
in vertebrate cells, because Wianny et al did not prevent or inhibit the interferon response as 
stated in the Office Action. Rather, Wianny et al merely show the practice of RNAi in 
vertebrate cells that were already known in the art to be deficient in the interferon response. 

In contrast to Wianny et al , Applicants have in fact overcome the prejudice in the art 
regarding the use of RNAi in vertebrate, and particularly mammalian, cells. As reflected in new 
claims 76-102 submitted above, Applicants believe that they are the first to disclose the 
successful practice of RNAi in stress response-competent vertebrate cells. In particular, 
Applicants believe that they are the first to disclose that the stress response associated with 
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introducing double stranded RNA (dsRNA) into vertebrate cells can be avoided by expressing 
the dsRNA from an expression vector in vivo. 

For example, as reported in the specification in Example 10, "No cellular toxicity was 
seen with any of the dsRNAs generated by the RNA expression vectors suggesting that 
cytoplasmic expression of dsRNA does not induce the interferon response" (page 79, lines 16- 
18; see also Applicants' priority application 60/265,805, filed January 3 K 200 L in the paragraph 
bridging pages 57-58, "No cellular toxicity was seen with any of the dsRNAs generated by the 
expression vectors, indicating that an interferon response is not induced.")- In Example 1 1, the 
present inventors confirmed these findings and showed that intracellular expression of dsRNA 
using an expression vector did not induce the RNA stress response. The cells used in the 
experiments of Example 1 1 were competent for RNA stress response induction as was 
demonstrated by the ability of cationic lipid complexed to poly(I)(C) or to in vitro transcribed 
dsRNA to induce/activate all tested components of this response. In addition, the cells were 
found to be responsive to exogenously added interferon. These results show that the cells used 
for these experiments were not defective in their ability to mount an RNA stress response and 
therefore can be used as predictors for other cells, both in cell culture and in vivo in animal 
models. (See Example 1 1, page 80, lines 6-18; page 81, lines 19-21; and page 85, lines 1-12). 

Prior to Applicants' disclosure, the skilled artisan working in the RNAi field would not 
have believed that specific inhibition of gene expression could be accomplished in stress 
response-competent vertebrate cells using dsRNA. This is evidenced by the attached article by 
Montgomery and Fire (TIG 1998, 14(7): 255-58), in which the authors state, "Any gene-specific 
interference by dsRNA in PKR-proficient mammalian cells would be dependent on a transient 
lapse in the PKR response, or on a controlled level of dsRNA that was incapable of 
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activatingPKR" (p. 258, col. 2). In particular, the skilled artisan would not have believed that 
specific inhibition of gene expression could be accomplished in stress response-competent 
vertebrate cells using long dsRNA that is over 30 base pairs long. This is evidenced by several 
articles published after Applicants' priority date of January 31, 2001, which show that those of 
skill in the field of RNA interference did not believe that RNAi could be accomplished in 
vertebrate cells that were capable of mounting an interferon response. 

For example, the attached article by Billy et al 9 published in December 2001 , shows that 
those of skill in the RNAi field at that time believed that RNAi was a eukaryotic phenomenon, 
that both long and short dsRNA molecules could be used to produce RNAi in invertebrate 
animals , and that long dsRNAs produce non-specific toxicity in differentiated vertebrate cells 
due to the interferon response (see Introduction section on page 14428-33). In fact, based on the 
disclosure of Billy et al 9 the skilled artisan would have believed that RNAi in vertebrate cells is 
only possible where the cells are deficient in the interferon response. This prejudice is reiterated 
by Diallo et al in 2003 (attached), who provided one of the first reports in a scientific journal 
that long, endogenously expressed dsRNA can be used to mediate RNAi in mammalian cells in 
the absence of an interferon response (see particularly the discussion at page 390). 

Applicants have overcome this prejudice in the art concerning the use of dsRNAs, and 
particularly long dsRNAs, to mediate RNA interference in vertebrate cells. To Applicants 5 
knowledge, they were the first to describe the successful practice of RNAi in stress response- 
competent vertebrate cells using endogenously expressed dsRNA. 

In view of the above newly submitted claims and remarks, prompt and judicious 
examination, and early indication of allowable subject matter, are respectfully requested. 
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Except for issue fees payable under 37 CFR §1.18, the commissioner is hereby 
authorized by this paper to charge any additional fees during the pendency of this application 
including fees due under 37 CFR §1.16 and 1.17 which may be required, including any required 
extension of time fees, or credit any overpayment to Deposit Account 50-03 10. This paragraph 
is intended to be a CONSTRUCTIVE PETITION FOR EXTENSION OF TIME in 
accordance with 37 CFR §1.1 36(a)(3). 

If the Examiner has any further questions relating to this Reply or to the application in 
general, he is respectfully requested to contact the undersigned by telephone so that allowance of 
the present application may be expedited. 



Customer No. 000033522 
COOLEY GODWARD LLP 

875 15™ Street, N.W. 
Washington, DC 20005 
202.842.7833 (voice) 
202.842.7899 (fax) 



Respectfully submitted, 



Date: September 28, 2006 




Bonnie Weiss McLeod 
Reg. No. 43,255 
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Biochemistry 

Mechanism of interferon action: Autoregulation of RNA-dependent 
Pl/eIF-2a protein kinase (PKR) expression in transfected 
mammalian cells 

(translations! control/protein synthesis factor eIF-2ot/ldnase pbosphotransfer mntant/RNA-binding protein) 

Daniel C. Thomis and Charles E. Samuel 

Department of Biological Sciences. Division of Molecular and Cellular Biology, and Graduate Program of Biochemistry and Molecular Biology, University of 
California, Santa Barbara, CA 93106 



Communicated by Robert L. Sinsheimer, August 17, 1992 

ABSTRACT The expression of a molecular cDNA done 
(PI KIN) of the human RNA-dependent Pl/eIF-2a protein 
kinase (PKR) was examined in transfected monkey cells and in 
cell-free protein-synthesizing systems. Expression of the wild- 
type (wt) PI KIN cDNA, which encodes an active protein 
kinase, was compared with that of the pbosphotransfer cata- 
lytic domain D Lys-296 -> Arg (K296R) mutant cDNA, which 
does not encode an active kinase, wt and K296R mutant PI 
mRNAs prepared by transcription in vitro with T7 RNA 
polymerase programmed the cell-free synthesis of PI ribosome- 
assodated protein with comparable efficiency in the rabbit 
reticulocyte system. The K296R mutant PI protein was also 
efficiently synthesized in vivo in transfected COS monkey cells. 
However, synthesis of the wt PI protein was reduced about 
30-fold in transfected COS cells as compared with the K296R 
mutant PI protein. Cotransfection of wt PI KIN cDNA with 
either K296R mutant PI KIN cDNA or reovirus S4 cDNA 
greatly reduced the synthesis of K296R mutant PI protein and 
reovirus o~3 protein, respectively. Although the wt and K296R 
mutant PI KIN plasmid expression vectors replicated with 
comparable efficiencies in COS cells, the steady-state amount 
of PI mRNA was about 3-fold less in COS cells transfected with 
the wt as compared with the K296R mutant PI KIN cDNA. 
These results suggest that RNA-dependent PI protein kinase 
expression is autoregulated in vivo in transfected mammalian 
cells primarily at the level of translation by a mechanism that 
is likely dependent upon catalyticaUy active PI kinase. 



Among the enzymes induced by interferon (IFN) is a protein- 
serine/threonine kinase, designated the Pl/eIF-2a protein 
kinase, but also known as the PI kinase, p68 kinase, DAI, 
dsl, and PKR (1, 2). The IFN-induced Pl/eIF-2a kinase is 
dependent upon RNA for activation, a process which in- 
volves an RNA-dependent autophosphorylation of PI ribo- 
somal protein (3-6). When activated, the Pl/eIF-2a kinase 
catalyzes the phosphorylation of the a subunit of protein 
synthesis initiation factor eIF-2 at Ser-51 (7, 8). Phosphory- 
lation of eIF-2a causes an inhibition of protein synthesis at 
the initiation step of translation (9). Considerable evidence 
has accumulated consistent with the notion that the PI/ 
eIF-2a kinase plays a central role in translational control and 
in the antiviral action of IFN (2, 10). 

Molecular cDNA clones of the Pl/eIF-2a protein kinase 
have been obtained from human amnion U cells (11) and 
human Daudi cells (12, 13). The deduced amino acid se- 
quence of the cDNA predicts a 551-amino acid protein. The 
catalytic domains conserved among protein-serine/threonine 
kinases are present within the C-terminal half of the PI 
protein. Transcripts prepared from cDNA clones of the 
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kinase program the cell-free synthesis of a 67-kDa protein 
which possesses Pl/eIF-2a protein kinase activity (12) and 
which is indistinguishable by immunoprecipitation and im- 
munoblot gel analyses from authentic protein PI synthesized 
in IFN-treated human cells (11). PI protein* synthesized from 
the cDNA clone PI KIN, both in cell-free systems and in 
Escherichia coli 9 possesses RNA-binding activity which 
maps by deletion analysis to a domain within the N-terminal 
98 residues of PI (13-15). In contrast to the information 
gained from studying the expression of the PI KIN cDNA in 
rabbit reticulocyte lysates and in bacteria, no information is 
yet available concerning the expression of PI KIN cDN A in 
animal cells. 

We report herein the expression of wild-type (wt) and 
mutant forms of the PI KIN cDNA in transfected mammalian 
cells. The results suggest that the synthesis of wt PI protein 
is autoregulated principally at the level of translation, 
whereas the synthesis of a catalytic domain II mutant PI 
protein [Lys-296 -* Arg (K296R)] deficient in kinase activity 
is not autoregulated. 

EXPERIMENTAL PROCEDURES 

Expression Plasmid Constructions. The molecular cloning 
of the RNA-dependent Pl/eIF-2a protein kinase from human 
amnion U cells and the consensus sequence of the U cell 
full-length PI KIN cDNA (GenBank accession no. M85294) 
have been previously reported (11). The general-purpose 
expression vector pJC119 (16) was used to express the PI 
KIN cDNA within transfected COS cells by a scheme similar 
to that utilized to express full-length cDNA copies of reovirus 
S-class genes (17). 

Plasmid vector pSVPlKIN(Wt) containing the complete 
coding region of the wt PI protein was constructed by ligation 
of the 1.8-kilobase (kb) Hindlll/Pst I PI fragment from 
pBlue-PlKIN(Wt) (11) into the BamHl site of the pJC119 
expression vector. The ends of the Hindlll/Pst I PI fragment 
were blunted by using the Klenow fragment of E. coli DNA 
polymerase (for Pst I, incubation was overnight at 16°C 
without nucleotides, and for HindlU incubation was for 1 hr 
at 37°C with nucleotides), and the JtomHI-digested pJC119 
vector was likewise blunted with the Klenow fragment prior 
to ligation. 

Plasmid vector pSVPlKIN(K296R) containing the com- 
plete coding region of a K296R mutant PI protein was con- 
structed by replacing the Bgl II fragment of pSVPlKIN(Wt) 
with the Bgl II fragment isolated from plasmid pBlue- 
P1KIN(K296R). The correct orientation was confirmed by 



Abbreviations; IFN, interferon; eIF-2a, the a subunit of eukaryotic 
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restriction analysis, and the presence of the mutation (K296R) 
was verified by direct sequence analysis. 

Plasmid vectors pSVSl and pSVS4 containing full-length 
cDNAs of the reovirus serotype 1 Lang strain wt SJ gene 
(GenBank accession no. M14779) and S4 gene (GenBank 
accession no. M13139) were previously described (17). 

Oligonucleotide-Directed Mutagenesis. The point mutant of 
PI protein kinase, K296R, was prepared by site-directed 
mutagenesis. Briefly, the Bgl II (721)/EcoRI (1099) fragment 
of the PI KIN cDN A was subcloned in the pBluescript II SK 
(+) vector (Stratagene), and uracil-containing single-stranded 
template DNA was prepared by using E . coii CJ236 and the 
helper phage M13K07. The mutant oligonucleotide 5'- 
ATTTA AC ACGICTA ATA ACG-3 ' (minus-sense nucleo- 
tides 898-879), synthesized by using an Applied Biosystems 
model 380A automated DNA synthesizer, was annealed with 
the plus-sense template single-stranded DNA, extended with 
T7 DNA polymerase, and ligated with T4 DNA ligase. The 
resulting double-stranded DNA plasmid was used to transform 
E. coli MV1190; recombinants were directly sequenced by the 
dideoxynucleotide chain-termination method (18). The Acc 
l/Bcl I fragment containing the Lys-296 -> Arg mutation was 
then introduced into the full-length pBIue-Pl KIN cDN A clone 
by restriction fragment exchange, resulting in the plasmid 
P Blue-PlKIN(K296R). 

Cell Maintenance and Transfection. COS African green 
monkey kidney cells were cultured in monolayer as previ- 
ously described (17, 19). The pSVPlKIN, pSVSl, and pSVS4 
expression constructs were introduced into COS cells by the 
DEAE-dextran/chloroquine phosphate transfection method 
(17, 19, 20). All transfections were performed with DNA at 5 
Mg/ml. 

Measurement of Protein Synthesis in Vivo, The synthesis of 
PI protein and reovirus &1 and o-3 proteins was measured at 
48 hr after transfection by pulse-labeling with [ 35 S]methionine 
for 60 min, preparation of cell-free extracts by lysis with 
buffer containing Nonidet P-40, immunoprecipitation with a 
saturating amount of rabbit polyclonal antibody and Forma- 
lin-fixed Staphylococcus aureus, and analysis of the proteins 
by NaDodSOVpolyacrylamide gel electrophoresis and auto- 
radiography (11, 19). Protein synthesis was quantitated by 
scanning autoradiograms with an LKB Ultroscan XL laser 
densitometer. The methods have previously been described 
in detail (11, 19, 21). 

Immunoblot Analysis. Western immunoblots were pre- 
pared by the method of Towbin et at. (22) as previously 
described (11). 

Northern Gel-Blot Analysis. Northern gel-blot analysis of 
RNA transcripts was carried out as previously described (11). 

Southern Gel-Blot Analysis. Southern gel-blot analysis (23) 
was carried out on DNA from transfected COS cells isolated 
by a modification of the Hirt procedure (24). 

Preparation of PI mRNA and Translation in Vitro. PI 
mRNA transcripts were prepared as in vitro transcription 
products by using T7 RNA polymerase and the pBluescript 
vector construction pBlue-Pl KIN containing the full-length 
PI KIN cDNA insert (11, 25). The structural integrity of the 
RNA transcripts was ascertained by formaldehyde/agarose 
gel electrophoresis followed by autoradiography. 

The in vitro translation of PI mRNA catalyzed by rabbit 
reticulocyte lysates (Promega) and the analysis of 35 S-labeled 
protein products were as previously described (25). 

Materials. Unless otherwise specified, materials and re- 
agents were as previously described (11, 14, 17). 

RESULTS 

Expression of the PI KIN cDNA in Transfected Cells. To 
express the cDNA copy of the PI protein kinase in mamma- 
lian cells, expression plasmids were constructed containing a 
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1.8-kb insert possessing the 551-amino acid open reading 
frame of the PI KIN cDNA (11). The general-purpose 
eukaryotic expression vector pJC119 (16) was used, with PI 
protein expression under the control of the simian virus 40 
(SV40) late promoter (16). 

PI KIN expression constructs containing either the wt 
cDNA [pSVPlKIN(Wt)] or the catalytic domain residue 
296 mutant cDNA [pSVPlKIN(K296R)] were introduced 
into COS monkey cells by the DEAE-dextran/chloroquine 
phosphate transfection method. Synthesis of PI protein was 
then measured by pulse-labeling with [ 35 S]methionine. The 
K296R mutant PI protein was efficiently synthesized in 
pSVPlKIN(K296R)-transfected cultures (Fig. M, lane 3). 
By contrast, the synthesis of wt PI protein was far less 
efficient than that of the K296R mutant PI protein (Fig. 1A, 
lanes 2 and 3). 

Although the wt PI protein was not efficiently synthesized 
in transfected COS cells, wt PI protein was efficiently 
synthesized in rabbit reticulocyte lysates (Fig. IB, lane 5). 
Furthermore, the wt PI mRNA was translated in vitro with 
an efficiency comparable to that of the K296R mutant PI 
mRNA (Fig. lB f lane 5 as compared with lane 6). Quantita- 
tion of the amount of PI protein synthesized in vitro at 
different mRNA concentrations, both in the presence and in 
the absence of the kinase antagonist 2-aminopurine, revealed 
less than a 2-fold difference in the translational efficiency 
between wt and K296R mutant PI mRNAs (D.C.T., S. J. 
McCormack, J. P. Doohan, and C.E.S., unpublished obser- 
vations). 

The steady-state level of PI protein was also examined in 
transfected cells by Western immunoblot analysis (Fig. 2). 
Rabbit immune serum, prepared against the recombinant PI 

A. in vivo B. in vitro 





1 2 3 4 5 6 



Fig. 1 . Synthesis of recombinant wt and phosphotransfcr K296R 
mutant PI proteins in vivo and in vitro. {A) Synthesis of PI protein 
in transfected COS cells. Monolayers of COS cells were transfected 
with the pSVPlKIN expression plasmids and 48 hr later cells were 
pulse-labeled with P 5 S]methionine for 1 hr. Nonidet P-40 extracts 
were prepared, and PI protein was immunoprecipitated and analyzed 
by NaDodSO 4 /10% PAGE. Lane 1 (Mock), mock-transfected COS 
cells; lane 2 [Pl(Wt)], wt pSVPlKIN(Wt)-transfected cells; and lane 
3 [Pl(K296R)] f mutant pSVPlKIN(K296R)-transfected cells. (B) 
Synthesis of PI protein in rabbit reticulocyte lysates. Capped PI 
mRNAs, prepared from the pBlue-PlKIN and pBlue-PlKIN- 
(K296R) templates by transcription in vitro, were translated (4 
/ig/ml) by using the reticulocyte system, and the [ 35 S]methionine- 
labeled PI protein product was immunoprecipitated and analyzed by 
NaDodSO 4 /10% PAGE. Lane 4 (Endog), no exogenously added 
RNA; lane 5 [Pl(Wt)], lysate programmed with wt PI RNA; and lane 
6 [PKK296R)], lysate programmed with K296R mutant PI RNA. The 
position of the 67-kDa PI protein band is indicated. 
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Fio. 2. Western immunoblot analysis of wt and K296R mutant PI 
protein expressed in transfected COS cells. COS cells were trans- 
fected with the pSVPlKIN expression plasmids and unlabeled 
Nonidet P-40 extracts were prepared 48 hr later. Proteins were 
analyzed by NaDodSO 4 /10% PAGE followed by Western immuno- 
blotting (11, 22). Lanes 1 and 7 [Pl(Wt)], wt pSVPlKIN(Wt)- 
transfected COS cells; lanes 2 and 8 (Mock), mock-transfected cells; 
lanes 3-6 [Pl(K296R)h mutant pSVPlKIN(K296R)-transfected 
cells. Lanes 3, 4, 5, and 6 contained P1(K296R) extract diluted 1/80, 
1/40, 1/20, and 1/10, respectively, relative to the amount loaded for 
the Pl(Wt) lanes. The positions of the 67-kDa PI protein band and a 
crossreacting ~ 90- kDa protein band (11) are indicated. 

protein synthesized in E. coli (11), readily recognized a 
67-kDa protein present in unlabeled extracts prepared from 
pSVPlKIN(K2%R)-transfected COS cells (Fig. 2, lanes 
3-6). The steady-state amount of the K296R mutant PI 
protein that accumulated in transfected cells was about 
30-fold greater than the amount of wt PI protein that accu- 
mulated in transfected COS cells, as revealed from the 
quantitation of dilution standards by laser densitometry (Fig. 
2, lanes 1, 4, 5, and 7). 

The immune serum raised against recombinant human PI 
protein also detected an endogenous monkey PI protein in 
extracts prepared from mock-transfected COS cells (Fig, 2, 
lanes 2 and 8). However, the Western signal of the endoge- 
nous monkey PI was weak, even compared with that ob- 
tained for the wt human PI protein in transfected cells. 
Finally, PI immune serum also recognized in monkey COS 
cells an «*90-kDa protein (Fig. 2) similar to that previously 
detected in human U cells. Preimmune serum did not recog- 
nize either protein PI or the 90-kDa protein in U cells (11). 

Effect of 2-Aminopurine on the Synthesis of PI Protein in 
Transfected Cells. Among the inhibitors of Pl/eIF-2a protein 
kinase function are 2-aminopurine, a purine analogue, and 
o3 y a reovirus RNA-binding protein (2). 

Treatment of COS cells with 2-aminopurine beginning 24 hr 
after transfection did not enhance the rate of synthesis of 
either wt or K296R mutant PI protein (Fig. 3, lanes 3-6). By 
contrast, as a positive control, treatment of pSVSl- 
transfected cells with 2-aminopurine increased the efficiency 
of reovirus <rl expression encoded by si mRNA (Fig. 3, lanes 
7 and 8); si mRNA is an activator RNA of the PI kinase (26). 
However, treatment of pSVS4-transfected cells with 2-ami- 
nopurine under identical conditions did not alter the effi- 
ciency of reovirus o3 expression (Fig. 3, lanes 9 and 10), as 
previously reported (19). 

Although treatment of cells with 2-aminopurine beginning 
24 hr after transfection did not affect either wt or K296R 
mutant PI expression, when the 2-aminopurine treatment 
was begun only 3 hr after transfection and continued until the 
harvest at 48 hr, then the K296R mutant PI expression was 
significantly reduced (Fig. 4, lane 4 versus lane 5). The 
expression of wt PI was still not readily detected after a 45-hr 
treatment with 2-aminopurine (Fig. 4, lanes 2 and 3). 

Expression of pSVPlKIN and pSVS4 Vectors in Cotrans- 
fected Cells. The reovirus o3 protein prevents the RNA- 
dependent activation of the PI kinase by complexing with 
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Fig. 3. Effect of 2-aminopurine and reovirus <r3 protein on the 
expression of wt and K296R mutant PI proteins in transfected COS 
cells. COS cells were transfected with pSVPlKIN vectors and 
P 5 S]methionine-labeled as described for Fig. IA. Where indicated, 
cells were treated with 10 mM 2-aminopurine (2AP), beginning 24 hr 
after transfection. PI proteins and reovirus &i and cr3 proteins were 
immunoprecipttated and analyzed by NaDodSO 4 /10% PAGE. Lanes 
1 and 2 (Mock), mock-transfected COS cells; lanes 3 and 4 [Pl(Wt)], 
pSVP!KIN(Wt)-transfected cells; lanes 5 and 6 [P1(K296R)J, mutant 
pSVPlKIN(K296R)-transfected cells; lanes 7 and 8 (SI), pSVSl- 
transfected cells; lanes 9 and 10 (S4), pSVS4-transfected cells; 
lane 11 [S4 + Pl(Wt)J, cells cotransfected with pSVS4 and wt 
pSVPlKIN(Wt); and lane 12 [S4 + P1(K296R)J. cells cotransfected 
with pSVS4 and mutant pSVPlKIN(K296R). The positions of pro- 
teins PI, ol, and <r3 are indicated. 

candidate activator RNAs (2, 27). However, cotransfection of 
the reovirus S4 gene (pSVS4) with the wt pSVPlKIN(Wt) 
vector surprisingly did not lead to an increase in the expression 
of the wt PI protein (Fig. 3, lane 11). Rather, the synthesis of 
the reovirus o3 protein encoded by pSVS4 was somewhat 
decreased in the cultures cotransfected with pSVPlKIN(Wt) 



2AP 



Pl- 



5 J CL CL CL 




2AP 



-P1 



1 2 3 4 5 6 7 

Fig. 4. Effect of 2-aminopurine and cotransfection on the ex- 
pression of wt and K296R mutant PI proteins in transfected COS 
cells. COS cells were transfected with the pSVPlKIN expression 
plasmids and the 3S S-labeled PI protein product was analyzed as for 
Fig. 3. Where indicated, cells were treated with 10 mM 2-aminopu- 
rine (2AP), beginning after chloroquine treatment. Lane 1 (Mock), 
mock-transfected COS cells; lanes 2 and 3 [Pl(Wt)], wt 
P SVPlKIN(Wt)-transfected cells; lanes 4, 5, and 7 [P1(K296R)1, 
mutant P SVPlKIN(K296R)-transfected cells; and lane 6 [Pl(Wt) + 
PKK296R)], cells cotransfected with wt pSVPlKIN(Wt) and mutant 
pSVPlKIN(K296R). The position of protein PI is indicated. 
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(Fig. 3, lane 9 versus lane 11). Similarly, the synthesis of the 
K296R mutant PI protein was inhibited in cultures co- 
transfected with pSVPlKIN(Wt) and pSVPlKIN(K296R) 
(Fig. 4, lanes 2, 4, and 6). Cotransfection of the mutant 
pSVPlKIN(K296R) vector with the reovirus S4 gene did not 
affect reovirus cr3 synthesis, in contrast to the result obtained 
with the wt pSVPlKIN(Wt) cotransfection (Fig. 3, lanes 9, 
11, and 12). These results suggest that the cellular localization 
of PI protein or the affinity of PI protein for activator RN As, 
or both, may differ from that of <r3 protein when the two 
proteins are coexpressed in transfected cells. 

Amplification of pSVPlKIN Plasmids in Transfected Cells. 
The difference in PI protein synthesis observed between 
COS cells transfected with wt as compared with mutant 
K296R PI expression vector could potentially be caused by 
a difference at the level of pSVPlKIN plasmid DNA repli- 
cation or transcription or at the level of PI mRNA translation. 
Amplification of the wt and mutant K296R pSVPlKIN plas- 
mid vectors in transfected COS cells was not detectably 
different as measured by Southern blot hybridization of Hirt 
supernatant DNA fractions digested with £coRI. The amount 
of the predicted 829-base-pair (bp) Pl-speciflc fragment was 
comparable for DNA isolated from wt- and mutant- 
transfected cells when cultured in the absence of 2-aminopu- 
rine (Fig. 5, lanes 3 and 5). The fragment was not detected in 
mock-transfected cells (lane 2). Treatment of cultures with 
2-aminopurine beginning 3 hr after transfection drastically 
reduced the amplification of both the wt and the mutant PI 
vector plasmids (lanes 4 and 9) as compared with parallel 
cultures not treated with 2-aminopurine (lanes 3 and 5). 

Northern Gel-Blot Analysis of PI mRNA Expression in 
Transfected Cells. Northern gel-blot analysis revealed that 
the level of PI mRNA was slightly greater in cells transfected 
with the PI K296R mutant as compared with the PI wt vector 
(Fig. 6, lanes 2 and 3). The PI KIN cDNA probe hybridized 
to two Pl-specific mRNAs in transfected cells, the predicted 
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Fig. 5. Replication of wt and K296R mutant PI plasmids in 
transfected COS cells. COS cells were transfected with the 
pSVPlKIN expression plasmids; 48 hr later Hirt extracts were 
prepared, and DNA was digested with EcoRl and then analyzed by 
Southern gel-blot hybridization using as the probe the 32 P-labeled 
0.8-kb EcoRl fragment of the PI KIN cDNA at 1 x 10 6 cpm/ml. 
Where indicated, cells were treated with 10 mM 2-aminopurine (2AP) 
beginning after chloroquine treatment. Lane 1 (Standard), 1 ng of 
pSVPlKIN(Wt) plasmid digested with EcoRl; lane 2 (Mock), DNA 
from mock-transfected COS cells; lanes 3 and 4 IPl(Wt) -/+ 2AP], 
DNA from wt pSVPlKIN(Wt)-transfected cells cultured in the 
absence (-) or presence (+) of 2AP; and lanes 5-9 [P1(K296R) -/+ 
2AP], DNA from mutant pSVPlKIN(K296R)-transfected cells cul- 
tured in the absence (-) or presence (+) of 2AP. Lanes 6, 7, and 8 
contained 1/2, 1/4, and 1/8, respectively, of the amount of DNA 
sample analyzed in the other lanes. The position of the 829-bp EcoRI 
fragment standard is indicated. 
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Fio. 6. Steady-state level of plasmid-derived PI mRNA in trans- 
fected COS cells. COS cells were transfected with the pSVPlKIN 
expression plasmids; 48 hr later total cellular RNA was isolated (28) 
and analyzed by Northern gel-blot hybridization using the 1.8-kb 
Hindlll/Pst I fragment of the PI KIN cDNA (11) as the probe. Lane 
1 (Mock), RNA from mock-transfected COS cells; lanes 2 and 8 
[Pl(Wt)], RNA from wt pSVPlKIN(Wt)-transfected cells; and lanes 
3-7 [P1(K296R)L RNA from mutant pSVPlKIN(K296R)-transfected 
cells. Lanes 4, 5, 6, and 7 contained 1/2, 1/4, 1/8. and 1/16, 
respectively, of the standard amount (5 ftg) of total RNA. The 
position of the 18S and 28S ribosomal RNAs and the 2.5-kb and 
~6-kb PI transcripts observed in human amnion U cells are indi- 
cated. 

2.3-kb species which was the major Pl-specific mRNA, and 
a minor PI mRNA of about 2.8 kb. The minor mRNA is likely 
a splice-site variant of the SV40 leader specified by the 
pJC119 vector (29). Quantitation of dilution standards by 
laser densitometry revealed that the steady-state amount of 
mutant PI mRNA was 3-fold greater than that of wt PI 
mRNA in transfected cells (Fig. 6, lanes 2, 4, and 5). 

DISCUSSION 

In this paper we provide information regarding the successful 
expression, and the regulation, of human Pl/eIF-2o protein 
kinase cDNA clones in mammalian cells. Two important 
points emerge from the studies. First, using transient trans- 
fection assays, we demonstrated the synthesis of both the wt 
and a phosphotransfer mutant (K296R) PI protein in trans- 
fected COS monkey cells. Second, the K296R mutant PI 
protein was synthesized at a greatly elevated level in COS 
cells relative to the wt PI protein, whereas in cell-free 
protein-synthesizing systems the wt and K296R mutant PI 
mRNAs were translated with comparable efficiencies. 

Approximately 30-fold more K296R mutant PI protein was 
synthesized than wt PI protein in COS cells transfected with 
pSVPlKIN cDNA expression plasmids. Systematic analyses 
revealed that the DNA template copy number was compa- 
rable for the K296R mutant and wt PI plasmids and that the 
steady-state amount of the K296R mutant PI mRNA was only 
about 3-fold greater than that of wt PI mRNA. However, the 
amount of mutant K296R PI protein was at least 30-fold 
greater than that of wt PI protein. This difference in amount 
of PI protein likely reflects a difference in rate of PI protein 
synthesis, rather than degradation, because both pulse- 
labeling with [ 35 S]methionine and Western immunoblot anal- 
ysis revealed a comparably enhanced level of PI protein in 
mutant- as compared with wt- transfected cells. 

Whereas a part of the increased amount of mutant PI 
protein may be attributed to the 3-fold higher transcript level, 
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most of the 30-fold difference between wt and mutant PI 
protein levels is due to an increased translational efficiency 
of the mutant PI mRNA. No difference in replication of 
K296R mutant and wt piasmid DNA vectors was observed. 
The differential expression of the K296R mutant PI protein 
over that of the wt PI protein is hot limited to plasmid-derived 
PI mRN As expressed from the SV40 late promoter-enhancer 
in COS cells containing the pJC119 vector as described 
herein. Similar results have been obtained with the baculo- 
virus vector pEVmXIV and Sf21 insect cells (30); baculovirus 
recombinants are readily generated that efficiently express 
the K296R mutant PI protein but not the wt PI protein 
(D.C.T. and C.E.S., unpublished observations). 

These observations regarding the differential efficiency of 
expression of wt and K296R mutant PI kinase may be related 
to the effects of IFN on the expression of plasmid-derived 
mRNAs in COS cells. IFN treatment inhibits the expression 
of vesicular stomatitis virus G gene and reovirus S3 gene in 
pSVG- and pSVS3-transfected COS cells at the level of 
translation (29, 31). Furthermore, disruption of the RNA- 
dependent PI kinase pathway— for example, by expression 
of kinase antagonists such as adenovirus VA RNA or eIF-2a 
subunit mutants (S51A) or homologues (K3L)— increases the 
translational efficiency of plasmid-derived mRNAs in COS 
cells (32, 33). 

The reason why the K296R point mutant, which lacks PI 
kinase activity, would give about a 3-fold higher PI transcript 
level in transfected cells than the wt PI kinase is unclear, but 
it may indicate a role for the PI kinase in the modification of 
a transcriptional component utilized by the SV40 late pro- 
moter-enhancer. Consistent with this possibility, the expres- 
sion of adenovirus VAI RNA, an antagonist of the PI kinase 
(2), in monkey CVlp cells causes a 3- to 4-fold increase in the 
synthesis of SV40 tumor (D antigen mRNA (34). 

Autoregulation of gene expression is an important mech- 
anism in mammalian cells. Although autoregulation was first 
clearly demonstrated at the transcriptional level, as exem- 
plified by SV40 T antigen expression (35), the mRNA trans- 
lation level is also a step for control of expression by 
autoregulation. The synthesis of the iron binding and storage 
protein ferritin, for example, is primarily regulated at the 
translational level (36). The apparent autoregulation of PI 
expression is dependent upon PI kinase catalytic activity and 
not simply PI RNA-binding activity. Both wt PI and mutant 
K296R PI possess RNA-binding activity but only wt PI, 
which was autoregulated, is an active kinase (D.C.T. , S. J. 
McCormack, J. P. Doohan, and C.E.S., unpublished obser- 
vations, and refs. 13-15). 

It is well established that the RNA-dependent PI kinase 
(PKR) can selectively bind to, and be regulated by, certain 
structured single-stranded RNAs (2). Conceivably the RNA- 
dependent PI protein kinase binds to and is activated by its 
own mRNA, thereby autoregulating PI protein synthesis at 
the level of translation. This autoregulation of a key enzyme 
of the IFN-induced antiviral response (2, 10) could be espe- 
cially important during the period of host recovery from virus 
infection, when perhaps higher levels of PI protein are no 
longer beneficial to the cell. 
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ABSTRACT 

Embryonal carcinoma (EC) cells are unable to make interferon in response 
to inducing agents. This block disappears after differentiation. We have 
found that nuclear extracts from undifferentiated PI 9 EC cells contain a DNA- 
binding activity which specifically recognizes a region within the human 
interferon-Bi promoter. This activity is absent from differentiated cell 
types, both of EC and non-EC origin. The binding of the factor in undifferen- 
tiated EC cells leads to dramatic changes in the overall protein binding pat- 
tern of the interferon promoter as compared with differentiated cells, and 
may be responsible for repression of the endogenous interferon-P gene prior to 
differentiation. 

INTRODUCTION 

Embryonal carcinoma (EC) cells, the stem cells of the teratocarcinomas, 
have been used extensively as an in vitro system to study mammalian develop- 
ment and cell differentiation. The rationale for their use is the extensive 
similarity between these cells and those of the early embryo (1). The resem- 
blence includes morphology, expression of a number of markers, and above all, 
pluripotentiality. EC cells will differentiate into a variety of tissue types 
both in culture and in tumours (1). Furthermore, some EC cell lines have been 
shown to be capable of contributing to all tissues in chimeric mice (1), thus 
demonstrating their functional totipotency. 

A number of positive and negative markers for distinguishing EC cells 
from their differentiated derivatives have been described (1). These include 
a number of cDNA clones corresponding to mRNAs whose expression either in- 
creases or decreases during differentiation (2,3). To date little is known 
about the molecular mechanisms involved in the regulation of expression of 
these genes beyond identification of transcriptional and post-transcriptional 
components. The replication of a number of virus types is blocked or ineffi- 
cient in EC cells (4,5,6). Although this appears to be a complex phenomenon, 
one component is certainly the decreased activity of the viral promoters in 
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the undifferentiated cells. In particular the enhancers of papovaviruses such 
as polyoma and SV40 and of some retroviruses seem to be inactive in EC cells. 
Evidence has been put forward for this being due to negative regulation in the 
undifferentiated cells and in some cases EC cell specific DNA-binding factors 
which recognize viral enhancer elements have been identified (7). 

One of the negative markers for the undifferentiated state of EC cells 
is their inability to produce interferon (IFN) in response to exposure to 
viruses or double stranded RNA (8,9), a characteristic shared with early em- 
bryos (10). The IFNs are potent biological agents which exert pleiotropic ef- 
fects on target cells or organisms (11). All of the IFN genes are strictly 
inducible with no expression being detected in untreated cells (11). Follow- 
ing exposure to inducers, transcriptional activation of the appropriate IFN 
gene or genes occurs. All differentiated cell types are competent for IFN 
induction. This also applies to both derivatives of EC cells and to differen- 
tiated cells of early embryos. Thus during cell differentiation a transition 
occurs from a state where IFN genes are incompetent to one where they can re- 
spond to induction (8,10). We have asked the question of whether or not dif- 
ferences could be found in the spectrum of DNA-binding proteins specific for 
the regulatory regions of an IFN gene when nuclear extracts from undifferenti- 
ated and differentiated cells were compared. We report that nuclear extracts 
from undifferentiated EC cells contain such a DNA-binding factor which is ab- 
sent from differentiated cell types of both EC and non-EC origin. The bind- 
ing of this factor to the HuIFN3 x promoter in EC cells leads to dramatic 
changes in the overall protein binding pattern of the region, as compared with 
differentiated cells, and may be responsible for repression of endogenous IFN 
expression prior to differentiation. 



MATERIALS AND METHODS 
Cells and pi asjnids 

pIFN0 x Hu was prepared by cloning a 1.8 kB EcoRI fragment with the coding 
and upstream sequences of HuIFNj*! into the poly linker of pGEM-1 (Promega 
Biotec, Madison, WI, USA). pHuIFNPr was prepared from this plasmid by sub- 
cloning the 282 bp EcoRI-HincII fragment containing the 5' upstream sequences 
of the gene into the polylinker of pGEM-1. Plasmids containing the Dral-Alul, 
Alul-Avall, and Dral-Avall fragments of this 5' region were a gift of John 
Hiscott . 

Murine PI 9 EC cells were maintained as described previously (12) and 
differentiated with retinoic acid or DMSO according to the method of Rudnicki 
and McBurney (13). 

Induction and titration of IFN production 

Levels of IFN production were determined as described previously (14), 
For induction cells were exposed to Newcastle Disease Virus (NDV) (approx- 
imately 100 PFU/cell) for two hours. The virus-containing medium was removed 
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and fresh medium was added. The next day aliquots of this conditioned medium 
were removed, spun to remove cell debris, and added to cells in microtiter 
plates. The presence of HuIFN in the medium was detected by challenging the 
T98G cells with serial dilutions of Encephalomyocarditis (EMC) virus as 
described (15). MuIFN levels were determined using L929 cells challenged with 
vesicular stomatitis virus (VSV) (16). 
Preparation of nuclear extracts 

Nuclear extracts were prepared according to the method of Dignam et al. 
(17) from L cells, undifferentiated P19 cells, and P19 cells differentiated 
with DMSO. The extracts were aliquoted and stored in liquid nitrogen. Pro- 
tein determinations were done using the Bio-Rad Protein assay kit (BioRad, 
Missaussauga , Ont . , Canada ) • 
Gel retardation assay 

A fragment of the 5* non-coding region of the HuIFNPi gene was end-la- 
belled with 3a P-ATP (18) and mixed with 10 ug of nuclear extract in the pres- 
ence of 250 ng Hinfl digested pBR322, 6 ug poly (dl-dC)-poly (dl-dC), 1 mM 
DTT, 25 mM Hepes, pH 7.9, AO mM NaCl, 1 mM EDTA, and 5X glycerol (for a total 
volume of 25 ul). pGEM-1 contains a Hindlll site in the polylinker adjacent to 
the Hindi site used for cloning, and in some cases this alternate site was 
used in preparation of the end-labelled fragments. For certain experiments 
synthetic oligonucleotides (prepared by G. Boileau, University de Montreal) or 
subfragments of the promoter region were included to serve as specific com- 
petitor DNAs. The reaction mixture was incubated for 25 minutes at 25°C, fol- 
lowing which 3 vl blue II sample buffer (18) was added and the samples were 
electrophoresed on 5% polyacryl amide TGE gels (50 mM Tris, pH 7.5, 380 mM 
glycine, 2 mM EDTA). After the samples had migrated sufficiently the gels 
were dried and autoradiographed. 
DNase footprinting 

Nuclear extracts were incubated with end-labelled fragments as for the 
gel retardation experiments. At the end of the 25 minute incubation period 
digestion with DNase I was performed according to the method of Jones et al. 
(19), using 50 ng DNase for samples without nuclear extract and 100 ng for 
samples with extract. The samples were extracted with phenol /chloroform, etha- 
nol precipitated, and run on 5 or 82 sequencing gels. Lanes containing Maxam- 
Gilbert G+A reactions were included on each gel for calibration purposes but 
are not shown in the figures. 



RESULTS 

Expression of the human IFNg i gene in P19 cells. 

Since genomic clones of the murine IFN0 (MuIFNB) gene were not available 
to us at the time we started this work, we first ascertained whether or not 
the heterologous HuIFNfU gene was regulated appropriately in murine EC cells. 
A 1.8 kb EcoRI genomic fragment containing 282 bp of upstream and 713 bp of 
downstream coding sequence (20) was subcloned into pGEM-1, then co-trans f ect- 
ed into P19 EC cells with the vector pSVtkneojJ, which encodes resistance to 
the drug G418. A pool of G418 resistant colonies (approximately 250) was ob- 
tained and the ability of these cells to produce human and murine I FN in re- 
sponse to NDV was tested prior to and following differentiation. The produc- 
tion of human IFN0i (HuIFN*,) is distinguished from murine IFNs by testing the 
protective effect of the media from induced cells on human cell lines, since 
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Table 1. Titration of HuIFN? i and MuIFN produced by transfected P19 cells. 
P19 EC cells were transfected with the 1,8 kB EcoRI fragment containing the 
sequence for HuIFN-0i (including 282 bp of 5 1 upstream sequence and the entire 
coding sequence). The spent culture media from the cells (either undifferen- 
tiated or differentiated with retinoic acid) were analysed for the presence 
of IFN before and after induction by NDV. The presence of HuIFN in the media 
was measured by challenging T98G cells with EMC virus while MuIFN levels were 
tested by challenging L929 cells with VSV. ND, not done. 

IFNs cross-react poorly between species (11). As can be clearly seen from the 
results presented in Table 1, no HuIFN expression was found in the undifferen- 
tiated EC cell population either before or after induction. Following differ- 
entiation a significant titer of HuIFN was detected only in media from the 
virus-treated cells. Differentiated cultures derived from transfected or con- 
trol non-transfected populations produced high levels of MuIFN when treated 
with virus. A relatively low, but significant, titer of MuIFN was observed in 
the virus-treated undifferentiated cultures of the transfected population, but 
never in non-transfected cells. Possible explanations of this will be dis- 
cussed below. However, we conclude that the exogenous human gene is con- 
trolled by the regulatory factors responsible for repression of expression of 
the endogenous MuIFN gene in EC cells and that the transfected EcoRI fragment 
contains all the information necessary for this regulation. 
Nuclear factors which bind to the HuIFNg x promoter region 

Figure 1 shows the restriction map and a schematic representation of the 
S'-upstream region of the HuIFNPi gene, with the location of the putative in- 
ducible enhancer indicated (21). This EcoRI -Hindi fragment was subcloned 
into pGEM-1 (forming pHuIFNPr) in order to facilitate the preparation of end- 
labelled fragments which were used to analyse the interactions of nuclear fac- 
tors with this part of the gene. In order to determine whether DNA-binding 
factors specific for the IFN gene could be detected in nuclear extracts we 
carried out gel retardation experiments with subfragments of the cloned 5 f - 
upstream region. EcoRI -Dral, EcoRI-Avall, Alul-Hindlll and Haelll-Hindlll 
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Figure 1. Schematic diagram of the 5' non-coding region of HuIFNB*. The num- 
bering system of Zinn et al. (27) is used and indicates position relative to 
the mRNA cap site. IRE = Interferon Regulatory Element (22), Eco « EcoRI, 
Dra - Dral, Ava - Avail, Alu ° Alul, Hae = Haelll, Hinc = Hindi. The Hindi 
site is immediately 5' to the ATG translation start site. The Hindlll site in 
the pGEM-1 poly linker is 15 bp 3' of the Hindi insertion site. 



fragments were each tested for reactivity with nuclear extracts from L cells, 
which are highly competent for induction of their endogenous IFN genes (the 
Hindlll site is only 15 nucleotides away from the Hindi site in the pGEM-1 
polylinker, thus digestion with either Hindlll or Hindi gives virtually iden- 
tical restriction fragments). The EcoRI-Avall and Alul-Hindlll fragments both 
demonstrated a strong band of reduced mobility (Figure 2, lanes 4 and 7). 
These two fragments contain an overlapping sequence (corresponding to posi- 
tions -135 to -39) which contains elements previously implicated in transcrip- 
tional control of the IFN$ gene (21,23). The shifted bands could be competed 



1 2 3 4 5 6 7 8 9 




Figure 2. Nuclear factors interacting with subregions of the 5' untranslated 
region of HuIFNP*. The EcoRI-Dral (lanes 1,2), EcoRI -Avail (lanes 3-5), Alul- 
Hindlll (lanes 6,7) and Haelll-Hindlll (lanes 8,9) fragments were each end- 
labelled and tested for reactivity with nuclear extracts from L929 cells, as 
described in Materials and Methods. Lane 5 also contained unlabel led EcoRI - 
Hindlll fragment (50 ug) added as a specific competitor. Bands were visual- 
ized by autoradiography after electrophoresis of the samples through a low 
ionic strength gel. 
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Figure 3. Nuclear factors interacting with the 5' non-coding region of 
HuIFNPl Nuclear extracts (10 ug) prepared from L929 cells (lane 1), undiff- 
erentiated P19 cells (lane 2), or P19 cells differentiated with DMSO (lane 3) 
were incubated with the end-labelled EcoRI -Avail fragment, B I, B II, and B 
III indicate retarded bands I, II, and II, respectively; F indicates the un- 
bound fragment. 

by the addition of unlabelled EcoRI-Hindlll fragment (Figure 2, lane 5). Nei- 
ther the EcoRI-Dral nor Haelll-Hindlll fragments interacted sufficiently with 
the nuclear extracts to produce shifted bands. Subsequent experiments were 
performed using only the EcoRI-Avall fragment (-281 to -39 bp upstream of the 
mRNA cap site). 

Figure 3 illustrates the different interactions between the EcoRI-Avall 
fragment and nuclear extracts prepared from L929 cells, P19 cells, or differ- 
entiated derivatives of the latter. Extracts from all three cell types lead 
to the appearance of a retarded band which migrates with the same relative 
mobility near the top of the gel (band I) (bands with common mobility are as- 
signed the same band number without implying that the same factors are bound 
to the probe in each case). In lane 2, where the probe was reacted with an 
extract from P19 cells, a strong band of faster mobility (band II) was also 
seen. Band II is not detected with extracts from the nuclei of L929 cells 
(lane 1), 3T3 fibroblasts (not shown) or differentiated P19 cells (lane 3). 
However, with nuclear extracts from the latter a different band of somewhat 
lower mobility (band III) is obtained. Band III is usually less intense than 
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Figure 4. Relative positions of synthetic oligonucleotides used as com- 
petitors in gel retardation and DNase footprint ing assays. The location of 
each of the oligonucleotides relative to the mRNA cap site is as follows: A 
(-47 to -35), B (-45 to -36), C (-79 to -64), D (-61 to -36), E (-79 to -36), 
F (-129 to -93) and G (-94 to -77), The locations of the cap site, TATA box, 
and IRE are also indicated. 

band II, but this was found to be somewhat variable. The net result of this 
experiment is to show that a nuclear factor which specifically recognizes the 
HuIFNPx promoter is present in EC cells (band II) and absent from fibroblasts 
and differentiated derivatives of EC cells. We have designated this factor 
as ECIF-1. Differentiated EC cells in turn contain a different DNA binding 
factor (band III). 

A series of synthetic oligonucleotides derived from the HuIFNPt upstream 
sequence were used as specific competitors in the gel retardation assay to 
further localize the interaction(s) of nuclear factors with the EcoRI -Avail 
fragment. The relative positions of the oligonucleotides, which span the 
region from -129 to -38, are illustrated schematically in Figure 4. The 
shifted bands from all three extracts could be competed most efficiently with 
oligonucleotide F, corresponding to the sequence between -129 and -93. Re- 
sults for extracts from undifferentiated and differentiated P19 cells are 
shown in Figure 5, In addition, the bands from extracts of undifferentiated 
P19 cells showed partial competition by oligonucleotide G while the bands 
from the differentiated P19 extracts were slightly inhibited by oligonucleo- 
tide E (-79 to -36), the region identified by Goodbourn et al. (21) as cor- 
responding to the inducible enhancer of the HuIFN0» gene (IRE). 
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Figure 5. Gel retardation assay with P19 nuclear extracts showing competition 
by synthetic oligonucleotides. Nuclear extracts from undifferentiated (A) or 
DMSO-differentiated (B) P19 cells were incubated with the end-labelled EcoRI- 
Avall fragment in the absence (-) or presence of oligonucleotides A through G 
as indicated above each lane. Either 100 or 200 ng of each competing oligo- 
nucleotide was added as specified by lanes marked 1 or 2 respectively. 
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Figure 6. DNase footprinting assay with nuclear extracts from undifferen- 
tiated P19 cells. The EcoRI-Avall fragment (labelled at either the 5' or 3' 
end) was incubated with nuclear extracts (20 us) from undifferentiated P19 
cells, subjected to DNase digestion, and electrophoresed on a sequencing gel. 
Lanes 1-3 show the DNase digestion pattern of the coding strand in the absence 
(lane 1) or presence of extract (lanes 2 and 3) and oligonucleotide F (lane 
3). Lanes 4-8 show the noncoding strand digested with DNase in the absence 
(lane 4) or presence (lanes 5-8) of extract and fragments Dral-Alul, Alul- 
Avall, and Dral-Avall (lanes 6, 7, and 8 respectively). Numbers beside each 
gel mark the position relative to the raRNA cap site. Protected areas are in- 
dicated by a bar. 



DNAse footprinting of the protein/DNA interactions 

In order to better define the regions which bind factors from the three 
nuclear extracts under investigation* DNAse I footprinting experiments were 
performed. The EcoRI-Avall fragment was labelled at either the 5' or 3* end 
to enable detection of interactions on the coding or non-coding strands re- 
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Figure 7. Schematic diagram of the footprint found with undifferentiated P19 
cells. The protected regions on the coding and non-coding strands are en- 
closed by bars and the endpoints are indicated. The sequence within the 
footprint with homology to the Ela promoter is underlined. The IRE and the 
Avail restriction site are also marked. 

spectively. With nuclear extracts from undifferentiated P19 cells a protect- 
ed region is observed which spans from -109 to about -53 on the coding strand 
and from -112 to -93 on the non-coding strand. Presumably this is due to 
binding of ECIP-1. The gels are seen in Figure 6 while the region of protec- 
tion is illustrated schematically in Figure 7. The endpoint of the coding 
strand footprint is difficult to ascertain with accuracy since the resolution 
of the sequence decreases as one approaches the end of the fragment. Oligo- 
nucleotide F» which overlaps most of the region of the coding strand foot- 
print and all of the non-coding strand footprint, can compete away the bind- 
ing protein(s) (Figure 6, lane 3) as can the Alul-Avall and Dral-Avall frag- 
ments which also cover the region of the footprint (Figure 6, lanes 7 and 8). 
The Dral-Alul fragment, on the other hand, does not compete (Figure 6, lane 
6). 

In view of the footprints obtained with extracts from undifferentiated 
P19 cells two additional synthetic oligonucleotides were tested for their 
ability to compete the DNA-protein interactions. Oligonucleotide J corre- 
sponds to the region protected on the non-coding strand ( i.e. -112 to -93) 
while oligonucleotide H corresponds to a shorter sequence (-108 to -99, un- 
derlined in Figure 7). Oligonucleotide J exhibited good competition of re- 
tarded bands in gel retardation experiments with nuclear extracts from both 
undifferentiated and differentiated P19 cells (Figure 8 and results not 
shown) while oligonucleotide H, shorter by only 10 base pairs (four from the 
5' end and six from the 3' end), did not compete at all. 

The footprints observed with nuclear extracts from differentiated cells 
(either L cells or DKSO-treated P19 cells) (Figure 9) are strikingly different 
from those observed with extracts from undifferentiated P19 cells. A large 
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Figure 8. Gel retardation assay with nuclear extracts from 
undifferentiated P19. Nuclear extracts from undifferentiated 
P19 cells were incubated with the end-labelled EcoRI -Avail 
fragment in the absence (lane 1) or presence of 
oligonucleotide H (lane 2) or J (lane 3). Oligonucleotide 
H comprises the sequence -108 to -99 while oligonucleotide 
J spans -112 to -93. 



region of interaction on both the coding and non-coding strands was found with 
nuclear extracts from these cells, stretching from approximately -210 to -70 
(as mentioned above the exact endpoints of the footprint cannot be accurately 
determined due to difficulty with resolution of the sequence at the ends of 
the fragment). The entire footprint can be competed by the Dral-Alul t Alul- 
Avall, and Dral-Avall fragments (Figure 9) as well as by oligonucleotide F 
(Figure 10). The most efficient competitors, Dral-Alul and oligonucleotide 
F, cover only a small portion of the protected sequence. This suggests that 
the cooperative binding of more than one protein is occurring in these dif- 
ferentiated cells. 

DISCUSSION 

The induction of the 1FN genes has been shown by several groups to in- 
volve cis -acting sequence elements located within the first several hundred 
base pairs of the capping site and in all probability trans -acting proteins 
which interact with them. Both positive and negative regulation have been 
described, and an inducible enhancer has been located between -77 and -37 of 
the HuIFNPi gene (21). This same group also used in vivo DNAse footprinting 
to show the existence of two regions within the HuIFNfti gene promoter which 
bind protein (24). 

In addition to the "on/off" regulation of induction the type I IFN genes 
are susceptible to other forms of regulation. These include genetic regula- 
tion of the levels of IFN transcription obtained following induction (25,26) 
and a developmental regulation which leads to undifferentiated cell types 
being incompetent for IFN induction (8,9). In the first part of this publica- 
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Figure 9. DNase footprinting assay with nuclear extracts from differentiated 
cells. The EcoRI-Avall fragment (labelled at either the 5' or 3' end) was in- 
cubated with nuclear extracts from differentiated cells, subjected to DNase 
digestion, and elect rophoresed on a sequencing gel. (A) Lanes 1*9 show the 
noncoding strand digested with DNase in the absence (lane 1) or presence of 
20 ug of extract from L929 cells (lanes 2-5) or differentiated P19 cells 
(lanes 6-9). Competitions were performed using 400 ng of fragments Dral-Alul 
(lanes 3 and 7), Alul -Avail (lanes 4 and 8), or Dral-Avall (lanes 5 and 9). 
(B) Lanes 1-9 show the pattern of protection on the coding strand. Each lane 
contains the same extracts and competitors as in (A). Numbers beside each gel 
mark the position relative to the mRNA cap site. Protected areas are indi- 
cated by a bar. 
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Figure 10, Inhibition of footprints by oligonucleotide F. The EcoRI-Avall 
fragment was incubated with nuclear extracts from differentiated cells, sub- 
jected to DNase digestion, and electrophoresed on a sequencing gel. Lanes 1- 
3 show the DNase digestion pattern of the non-coding strand in the absence 
(lane 1) or presence of L929 nuclear extract (lanes 2 and 3) and oligonucleo- 
tide F (lane 3). Lanes 4-6 show the noncoding strand digested with DNase in 
the absence (lane 4) or presence (lanes 5-6) of nuclear extracts from differ- 
entiated P19 cells and oligonucleotide F (lane 6). 

tion we have shown that the HuIFNP* gene with 282 bp of upstream sequence, 
i.e. with all of the cis-acting elements implicated in the induction of the 
gene, shows the appropriate pattern of expression in murine EC cells (Table 
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I). Undifferentiated cells do not express the gene even following induction, 
whereas the gene is inducible following differentiation of the EC cells. Thus 
the region of the gene which was transfected carries all of the necessary in- 
formation for determining the competence of the gene. Similar regulation of 
gene expression across species barriers was observed in several differenti- 
ated cell lines when human IFNa was transfected into mouse L cells (27) or 
when HuIFN&i was transfected into mouse FM3A cells (20) or C127 cells (28). 

In the transfection experiments we noted that a low level of endogenous 
MuIFN was detected when undifferentiated populations transfected with the 
HuIFN&i gene were infected with NDV. This could be due to a low level of 
spontaneous differentiation of the cells following the manipulations involved 
in the transfection. Alternatively, the presence of the heterologous gene may 
have "titred out" a negative regulatory factor involved in repression of I FN 
gene expression in EC cells. 

Gel retardation experiments with nuclear extracts from L cells, undiff- 
erentiated P19 cells, and P19 cells differentiated with DMSO, demonstrate 
that significant differences exist between these cells types with regard to 
their interactions with the 5' upstream sequences of the HuIFNBi gene (Figure 
3). All three extracts exhibit a band of common mobility (band I), although 
the gel retardation experiments are insufficient to determine whether this is 
in fact a common factor or different factors forming DNA-protein complexes 
which migrate with the same mobility. Both untreated and differentiated PI 9 
cells were found to contain an additional factor which led to the appearance 
of a band of greater mobility in the gel retardation assay. However the com- 
plex obtained in EC cells (band II, ECIF-1) differed from that seen with nu- 
clear extracts from differentiated derivatives (band III) by mobility, (and 
in some cases was more intense than the latter). Since these bands were of 
differing mobility it is likely that they are due to the interaction of dif- 
ferent factors from the two extracts with the EcoRI-Avall probe. The dif- 
ferences seen between L cells and DMSO-treated P19 cells in the gel retarda- 
tion experiments may be partly due to the fact that they are different types 
of cells. The localization of regulatory sequences by other methods has been 
seen to depend, at least in part, on the type of cell under investigation 
(21,23,28,29), 

Competition of gel retardation bands with synthetic oligonucleotides 
spanning the HuIFNPi promoter region showed oligonucleotide F (corresponding 
to positions -129 to -93) to be the most efficient competitor (Figure 5). 
This region contains several interesting features: a region (-167 to -94) 
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shown by Zinn and Maniatis (24) to bind protein in vivo and a region which 
presents a high degree of sequence homology to part of the HuIFNa» (30) and 
IFNo 3 (21) promoters. This region also contains several of the hexamer re- 
peats described by Fujita et al. (23) as important in obtaining full induction 
of the gene. 

Further details of the DNA/protein interactions detected in the gel re- 
tardation experiments were obtained by DNAse footprinting. Extracts of un- 
differentiated P19 nuclei protected a relatively short region within the se- 
quence of oligonucleotide F (Figure 6). The extent of the footprint is longer 
on the coding strand, reaching into the IRE, whereas it ends upstream of the 
IRE on the non-coding strand. In spite of the assymetric nature of the inter- 
action, oligonucleotide F completely inhibits the interaction, although it 
contains no sequence from the extreme downstream part of the footprint. Fur- 
thermore, an oligonucleotide corresponding to the sequence which spans from 
-109 to -93, the part of the footprint which is protected on both strands, can 
alone compete efficiently for the interaction in both gel retardation and 
footprinting experiments. A shorter version of this sequence containing only 
the "box I" sequences (positions -108 to -99) is a much less efficient compe- 
titor: although it can compete in the footprint reaction (data not shown) it 
does not compete the gel retardation bands (Figure 8). 

The DNAse footprinting pattern obtained with extracts from the nuclei of 
L cells or differentiated P19 cells is very different from that with the P19 
extracts (Figure 9). The footprint covers a long region spanning from at 
least -210 to -70 and containing the region protected by extracts of undiffer- 
entiated cells. Some interruption of the footprint can be observed if the 
footprints are examined closely, indicating that multiple proteins may be in- 
volved. The patterns of the two types of differentiated cells are very sim- 
ilar. In both cases the whole footprint is competed out by oligonucleotide F 
(Figure 10), which represents only a small part of the total protected region. 
We interpret this to mean that cooperativity of binding exists, with occupancy 
of a binding site upstream of the IRE being obligatory for the binding of 
other factors. Other workers have provided evidence in related systems for 
functional cooperativity in this region. For example, Fujita et al. (23) have 
found that multiple copies of a hexamer repeat (homologous to the sequence 
AAATGT contained within this footprint) are necessary to confer indue ibil it y 
on a reporter gene. Dinter and Hauser (31) found that duplication of the se- 
quence from -90 to -51 resulted in increased IFNPj expression after virus ex- 
posure. Kuhl et al. (30), using a similar repeated sequence found in the 
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IFNal promoter, found that mul timers of the repeat are needed for inducibility 
and that monomers and dimers were insufficient. 

The 5' end of the footprint (protected on both strands) also exhibits 
homology to a viral regulatory region: the sequence (GGAAGTGAAA) is partially 
homologous (5/10 bases the same) to the Ela enhancer core (32). Downstream, 
in the region protected only on the coding strand, is another sequence with 
even greater homology to the Ela enhancer core sequence (9/10 bases the 
same). The homology may be significant because it has also been shown that EC 
cells contain an activity which can replace the requirement for the adenovirus 
Ela product in replication of this virus (33,34). This activity, considered 
by some authors to be responsible for an enhancer-repressing activity (34), is 
lost upon differentiation. 

It is tempting to speculate that ECIF-1 is a negative regulatory factor 
which binds to the I FN promoter in undifferentiated EC cells, preventing at- 
tachment of the alternate factors which bind here after differentiation. In 
the presence of ECIF-1 the gene is not capable of responding to induction. 
Several lines of evidence support this idea. The footprinting experiments 
show clearly that in undifferentiated cells only this site is occupied, as op- 
posed to multiple sites in differentiated cells (a specific DNA-binding pro- 
tein from undifferentiated EC cells has similarily been demonstrated in a 
retrovirus system (5)). Furthermore, we have found that cell fusions between 
EC cells and differentiated cells which normally are competent for I FN expres- 
sion behave like the EC parent, and become inducible only if made to differen- 
tiate (unpublished results). It has also been shown that an enhancer-repress- 
ing (or Ela-like) activity exists in EC cells and that this activity disap- 
pears upon differentiation (33) supporting the involvement of a negative fac- 
tor in the EC cell phenotype. One last curious point is that the sequence 
AAATGTAAA in the central region of the footprint is highly homologous to the 
sequence TAAATATAAAA, a functional part of a transcription silencer in yeast 
(35). In light of the increasing evidence for interchangeability of yeast 
transcription factors and those of higher eukaryotes (36,37), the similar 
sequences may indicate homology of function. 

It is important to note that the results of gel retardation and foot- 
printing experiments do not always coincide completely. The most notable ex- 
ample is seen where footprints using extracts from L cells or from differenti- 
ated P19 cells were almost identical, whereas in gel retardation experiments 
the latter extracts yield an additional band. It was also noted that certain 
oligonucleotides which did not compete in gel retardation did compete in the 
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footprint reaction. The relationship of the complexes observed in the gel 
retardation experiments to those giving rise to footprints is not entirely 
clear. Differences in gel retardation and footprint results are probably due 
to the different demands put on the stability of the complexes in the two 
techniques. 

It is not possible at this time to deduce the relationship between the 
protein factors observed here and those detected by others or to determine the 
role of the varied protein binding regions observed in differentiated cells. 
Both positive and negative factors have been implicated in the induction of 
the HuIFNPi gene in cells competent for IFN production (38,39,40). Our re- 
sults suggest that when cells which are not competent for IFN production ac- 
quire the ability to be induced they undergo a concurrent alteration in the 
factors controlling the regulation of the IFN gene. At this point we do not 
wish to speculate on the possibility of changes in the pattern of factors fol- 
lowing induction. 

In conclusion we report here the existence of a DNA-binding factor in 
nuclear extracts of P19 EC cells which recognizes a specific sequence within 
the promoter region of the HuIFNfK gene. This activity is absent in differen- 
tiated cells of both EC and non-EC origin. The factor, which we have called 
ECIF-1, shows some of the properties to be expected of a tissue specific re- 
pressor of transcription. Work is in progress to determine the regulatory 
nature of this protein and the cis-acting activity of its binding site. 
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SUMMARY: DNase I sensitivity was used to Investigate the chromatin 
conformation of the interferon a gene during differentiation of the mouse 
teratocarcinoma cell line PC13» These cells do not produce interferon 
upon viral induction in their undifferentiated state, but do so on 
differentiation from stem cells to endoderm. Only in induced 
differentiated cells were the interferon a genes digested by DNase I, A 
similar effect was seen in a line of human cells (MG63) upon Inductlon- 
we conclude that it is induction of interferon production that brings 
about the change in the DNase I sensitivity of these genes, rather than 
differentiation. 



In the last few years the ability of DNase 1 to distinguish between 
the chromatin conformation of "active" and "inactive" genes has been well 
documented (1,2,3,4). Most of the research has centred upon the 
comparison of a particular gene In different tissues and has shown that 
for most genes only those being transcribed in that tissue are DNase I 
sensitive. Studies using erythroleukemic cell lines (5) have shown that 
the globln genes that are capable of being transcribed upon induction, 
are also DNase I sensitive, suggesting that the change in chromatin 
configuration of a gene detected with DNase I is related to the 
commitment of the cell to a particular developmental pathway, and the use 
of that gene, rather than Its actual transcriptional state. However, 
this does not hold true in all systems studied, for example certain 
muscle specific genes alter their DNase I sensitivity during myogenesls 
(6) as do some of the Drosophlla heat shock protein genes upon a 
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temperature shock (7,8), and under these conditions, transcription of the 
DNase I sensitive genes occurs. 

The interferon (IFN) genes provide a convenient mammalian system for 
stucty of an Inducible gene. Prior to Induction of these cells with 



virus, no IFN protein or IFN mRNA Is produced, whilst a few hours after 
the addition of virus both IFN mRNA and protein can be detected. 
Further, teratocarcinoma cells provide a suitable system to investigate 
the control of the Interferon system during differentiation, since only 
differentiated cells are capable of Induction (9). We therefore studied 
DNase 1 sensitivity of the IFN a gene in these cells before and after 
differentiation, and before and after induction. Wo also examined a 
differentiated human cell line (MG631 before and after induction. 



MATERIALS /WD METHODS 

Cell culture . Non-differentiated PC13 cells were grown in modified 
Eagles medium plus 7.5% fetal calf serum, 2.5% newborn calf serum and 
antibiotics (10) on gelatinized plastic flasks. The cells were 
differentiated by the addition of 3 pg/ml retinoic acid and grown in non- 
gelatinized flasks. After 10 days the cells are capable of producing IFN 
upon induction (9). Induction by NDV (Strain F: 2500 HAU/ral or Sendai 
virus (12 HAU/ml) was for 1 hour in 1% serum media, followed by a further 
virus-free incubation of 3 hours. This was found to be the time when IFN 
could first be detected in the supernatant of differentiated cells (data 
not shown). MC63 cells were grown in Glasgow modified Eagles media plus 
10% newborn calf serum and antibiotics in roller bottles. Induction by 
NOV or Sendai virus was for 1 hour followed by a further 2 hours when the 
first IFN activity could be measured (data not shown). 

Immunofluorescence: Differentiated or non-differentiated PC13 cells were 
treated with NDV [fS HAU/ml) for 1 hour. Immediately after infection, or 
16-22 hours later, cells were treated with rabbit ant1-NDV serum (a gIFt 
from Dr. D.P, Barlow) followed by fluoresceln-labelled sheep anti -rabbit 
IgG (Wellcome Diagnostics). 

Nuclei preparation : The method was that of Schribler and Weber (11). 
Nuclei were used fresh or stored at -70 f C in RB (25% glycerol, 5mM Mg 
acetate, 50 Tris-HCI pH 8,0, 5 nW DTT, 0,1 M EOTA). 

DNase I digestion ; Nuclei were taken up at 1 mg/ml DNA in RSB, (1) and 
digested with 1 wg/ml DNase I (BCL, EC 31.21.1) for increasing lengths 
of time. The reactions were stopped by the addition of SOS and EDTA to a 
final concentration of 0.5% SOS and 12.5 mM EDTA (12), and digested 
overnight with 100 yg/ml proteinase K (BCL, EC 3.4.21.14), phenol- 
chloroform extracted and RNase A (BCL, EC 3.1.27.5) treated. 10 ug/ml 
allquots of the various DNA samples, digested with Eco Rl (BRL) to 
completion, were loaded onto 1% agarose gels electrophoresed prior to 
blotting onto nitrocellulose paper (Schleicher and Schull) (13), Filters 
were hybridized to ["Pi-labelled nlcktranslated probes (14), The probes 
used were mouse 0 interferon cDNA (pMIF 3/10, Pst I insert) (15) and 
human 0 interferon cDNA (D4P165, Msp I fragment) (15). 
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RESUITS AND DISCUSSION 

DNase l Sensitivity of the Interferon 6 Gene In Undifferentiated PC13 
Cell Nuclei. 

Undifferentiated mouse teratocarcinoma cells fall to produce IFN 
upon viral Induction. This could be because the virus falls to Infect 
0 3 the cells and does not therefore Induce the IFN system, but Figure 1 

shows that undifferentiated PC13 cells, although not producing any IFN 
protein, do become infected by NOV and express virus proteins on the 
cellular outer membrane as judged by inmunofluorescence. Fluorescence 
was seen In both undifferentiated (Figure la.b) and differentiated 
(Figure le.f) PC13 cells when expression of the virus proteins was 
allowed to occur. When virus was added only 1 hour prior to antibody 
treatment, very little Imnunofluorescence was detectable (Figure 
l^d.g.n). No immunofluorescence was observed if chick allantoic fluid 
and non-innune rabbit serum were substituted for virus and anti-NDY serum 
respectively (data not shown)- Therefore, the fluorescence seen is due 
to newly synthesized virus proteins rather than the Infecting virus 
particles- Thus, the failure to react to virus Induction is not due to a 
failure in the infection by, or growth of the virus, but rather to some 
other process within the cell- 

Nuclei were prepared as described in Materials and Methods both from 
; norninduced and induced undifferentiated PC13 cells. These were digested 

J with 1 ng/rol ONase for up to 5 minutes- Under these conditions about S% 

of the DNA is lost. The remaining DNA was extracted and digested with an 

} excess of Eco RI to completion. The restricted DMA was run on an 

I 

agarose gel, transferred to nitrocellulose paper and probed for mouse IFN 
j s gene sequences. This revealed a single 4000 bp fragment In DNA from 

? non-DNase I treated nuclei (Figure 2a, 0 minutes). As can be seen from 

.i 

Figure 2{a,b), this fragment is not degraded by DNase I In either non- 
y induced or Induced undifferentiated PC13 cells. 
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Figure 1 : NDV-F Specific Imnunofludrascence 1n PC13 Cells. 
Undifferentiated and differentiated PC13 cells were Infected with NOV-F 
as described in the Materials and Methods. CclH were viewed under phase 
contrast (a,c,e,g) or UV Illumination (b,d T f,h). la,b; undifferentiated 
cells, 16 hour Incubation, lc.d; undifferentiated cells, 1 hour 
Incubation, le.f; differentiated cells. 20 hour incubation. lg,h; 
differentiated cells, 1 hour incubation. 
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Figure 2: DNase I Sensitivity of the Interferon 0 Gene In PC13 Cells. 
IfiicTel from the following cell types were digested with DNase I for 0.1,2 
or 5 minutes prior to extraction, Eco W digestion and analysis being 
carried out as described in Materials and Methods. 2a; non-Induced, 
undifferentiated. 2b; Induced, undifferentiaxed. 2c; non-Induced, 
differentiated, 2d; Induced, differentiated. In each case, the tracks 
are labelled with the time of DNase I digestion. 

DNase I Sensitivity of the Interferon e Gene in Differentiated f>C13 Cell 

Nuclei- 

The experiment described above was repeated, but this time U$in9 
non-induced and Induced differentiated PC13 cells, These cells, unlike 
those prior to differentiation, are able to synthesize I FN after virus 
induction. When the DNA from DNase I-digested nuclei from non-1nduced 
cells was analyzed, no degradation of the 4000 bp fragment was seen 
(Figure 2c). However, upon induction of the cells* the I FN e gene does 
become ONase I sensitive as shown by the gradual loss of The 4000 bp 
fragment (Figure 2d). 

Therefore, 1n the case of the mouse & I FN gene, the change in 
chromatin configuration that is detected by DNase I 1s a result of 
induction of an inducible cell. Neither the viral induction nor the 
differentiation alone causes the switch in chromatin structure to a more 
"open" and DNase I sensitive state. This is In contrast to what might be 
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23500 * 




1600 bp 
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r " v.* 
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a torn induced 



b. Induced 



naure 3; DNase I Sensitivity of the Interferon a Gene in HG63 Cells, 
Nu cl ei f rom the unlnduced (3a) or Induced (3b) MG63 cells were digested 
* with DNase I for 0.1,2 or 5 minutes prior to extraction. Eco Rl digestion 
and analysis being carried out as described previously, Tracks are 
labelled with the time of DNase I digestion. 

expected if the change from DNase I resistance to sensitivity required 
DNA replication to occur* 

ONase I Sensitivity of the Interferon b Gene in Human MB63 Cell Nuclei. 

To investigate whether the change in ONase I sensitivity associated 
in PC13 cells only with Induction of differentiated cells was confined to 
this cell line, a similar experiment was carried out using human MG63 
cells. This differentiated cell line, derived from a human osteogenic 
carcinoma, synthesizes mostly IFM 6 upon virus induction. As shown in 
Figure 3. the single fragment of 1920 bp seen with the cONA probe used, 
is not degraded in non-induced cells- In DNA isolated from DNase I 
treated induced MG63 cells, the IFN s gene is in a different chromatin 
conformation after induction, and this change is distinguished by DNase I 
sensitivity. 
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Figure 5, Autoradlogr&m of 705 rlboscaal proteins separated by 

" 2D-eTectrophores1s after in vitro incubation with [y"Pj-ATP, at 30"C f for 

30 nrin in the presence ofcycnc' nucleotide independent casein kinase 

isolated from adrenal cortex* Exposure time: 10 hours. 

Acknowledgements. We are indebted to Dr C. COCHET for having performed the 
reaction using xne cyclic nucleotide independent casein kinase. 
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Abstract A qualitative bioassay was adapted and used to 
determine the ability of the early post-implantation mouse 
embryo to synthesise interferon. Interferon production was 
not seen in any embryo tissue in the absence of an inducer 
and could only be detected in virus-induced tissue from 
the early 7th day of development. This induced interferon 
synthesis was initially confined to the trophoblast of the 
early 7th day embryo. It was then found in tissues of both 
trophoblast and inner cell mass origin in the early 8th day, 
and subsequently, in derivatives of the embryonic ectoderm 
in the 13th-day embryo. 



Introduction 

Interferons are a heterogenous family of secreted cell pro- 
teins defined by their antiviral activity, but they are also 
capable of exerting other, apparently unrelated, effects on 
the cell [4, 5]. The role of interferon in mediating the cellular 
inhibition of virus growth is now quite well understood 
[3, 30]. Other established effects of interferon that are less 
well understood include the inhibition of cell growth [35] 
and the regulation of the immune system [9]. In addition, 
more recent work on the Friend ieukaemic as well as other 
cell systems [7, 10, 19, 20, 32] and levels of the interferon- 
associated enzyme, 2-5 A synthetase, in normal and differ- 
entiating cells [34] has suggested that interferons may also 
be involved in regulating some aspects of normal cell differ- 
entiation. Further support for this hypothesis has come 
from the demonstration that the interferon system is deve- 
lopmentally regulated in teratocarcinoma cells, since both 
interferon production and sensitivity are only seen in the 
differentiated cell [6]. Since undifferentiated teratocarcin- 
oma cells are analogous to the pluripotent cells of the early 
mouse embryo [16, 23], the results from the teratocarcin- 
oma cell system suggest that the interferon system may be 
similarly developmentally regulated in the early mouse em- 
bryo, appearing as cell differentiation occurs. 

As a preliminary to understanding the role, if any, of 
interferon during normal differentiation in early mouse em- 
bryogenesis, we tested the competence of early embryonic 
and associated maternal tissues to synthesise interferon. 
Hitherto, the small amount of tissue available has precluded 
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direct examination of interferon production and action in 
early embryos by conventional interferon assays. However, 
results from indirect studies using in vitro cultures estab- 
lished from embryos of different ages have suggested that 
interferon production and action are reduced in early em- 
bryos [11, 18, 24]. We used a sensitive, qualitative bioassay 
to detect directly interferon production from embryonic tis- 
sue fragments approximately 100-500 um in diameter. The 
results show that interferon synthesis in the absence of an 
inducer (i.e. constitutive synthesis) is absent in embryonic 
and associated maternal tissue in the early and late post- 
implantation embryo. Virus-induced interferon production 
could not be elicited in any embryonic tissue until the 7th 
day of development. This induced synthesis developed to 
maximum levels (compared to control virus-induced mater- 
nal tissue) in the majority of embryonic tissues during the 
7th-8th day, but remained absent in one extra-embryonic 
tissue (visceral extra-embryonic endoderm) and the embry- 
onic ectoderm (which, at this stage, is the only source of 
the embryo proper). By the 13th day, however, maximum 
levels of induced interferon synthesis could be elicited from 
both embryonic and extra-embryonic tissues. 

Methods 

Mouse embryos. Embryos at different stages of development 
were obtained from natural matings between strain 129J/Sv 
females and F X (C57BL/CBA) males. The first day of devel- 
opment is the day of the formation of the vaginal plug. 
Pregnant mice between the 7th and 1 3th day of develop- 
ment were killed by cervical fracture, and their embryos 
were removed into alpha medium (as has been described 
in [33], but lacking nucleotides and deoxynucleotides and 
containing 5% (v/v) heat-inactivated foetal bovine serum, 
pre-equilibrated with 5% C0 2 in air). Extra -embryonic and 
embryonic tissues were dissected into fragments approxi- 
mately 100-500 um in diameter using hand -pulled glass nee- 
dles. Sizes were checked using a standard graticule and 
high-power microscope, and individual fragments were 
placed into separate wells of a Terasaki microtitre plate. 
Eight pregnant mice with a litter size of between five and 
nine embryos were used for each time point, and no more 
than five tissue fragments of any type were obtained from 
any one embryo. Similar-sized tissue fragments from the 
maternal decidua and uterus were also obtained during each 
dissection. Using identical dissection methods, it has been 
demonstrated that the distribution of reactivity to a mono- 
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clonal antibody on dissected embryo pieces is identical to 
that in whole sectioned embryos on the 7th day of develop- 
ment [29], Therefore, it is likely that these dissections ade- 
quately separate the cell layers of the early embryo. Dissec- 
tions were carried out between mid-morning and mid-after- 
noon, depending on the stage required, and the tissue frag- 
ments were incorporated into the interferon assay approxi- 
mately 4-5 h later. 

L929 Cells. Cells were grown routinely in 1-1 glass bottles 
in the Glasgow modification of Eagle's medium (GMEM) 
plus 10% (v/v) new-born calf serum and passaged every 
5 days. For use in the interferon assay, 1 x 10 6 cells were 
seeded into a 5-cm tissue-culture plastic dish which had 
been previously coated with gelatin (a 1% solution of gela- 
tin was applied for 1 h at 4° C and then removed, and 
the dish air dried) and incubated overnight. The use of 
gelatinised dishes preserved the monolayer intact through- 
out the assay and promoted a more uniform dispersion 
of the cells over the culture dish. The latter aided visualisa- 
tion of the assay endpoint. 

Agar medium. The agar medium used consisted of 0.3% 
agar, 5% (v/v) heat-inactivated foetal bovine serum (fbs), 
50 mM NaHC0 3 , 0.5 units/ml benzylpenicillin, 0.5 ug/ml 
streptomycin, 1 x alpha medium and 20 mM glutamine. 
Agar medium was prepared from sterile stock solutions as 
required. All solutions except the agar were mixed and kept 
at 37° C. The agar was then liquified by boiling and cooled 
to 45° C before addition to the remaining solutions. The 
mixture was allowed to cool to 37° C before use in the 
assay. 

Virus stocks: Newcastle disease virus-strain F. Newcastle 
Disease Virus (NDV) is an avian paramyxovirus known 
to induce high yields of interferon in mouse cells. Strain 
F (NDV-F) is avirulent in mouse cells and will not lyse 
them [22]. Stock virus was obtained by injecting, 1,000 hae- 
magglutinin units (HAU) of NDV-F into the allantoic cavi- 
ty of 10-day embryonated hen eggs. After incubation for 
60 h at 37° C, the allantoic fluid was harvested, cleared 
by centrifugation at 10,000 rpm for 30 min, dispensed in 
50-ul aliquots, snap frozen and stored at - 70° C. The stock 
(10,000 HAU units/ml) was used without further purifica- 
tion at a dilution of 1 : 1,000 to induce interferon synthesis 
in embryonic tissue fragments. This concentration induces 
maximum interferon synthesis in L929 cells (data not 
shown), 

Encephalomyocarditis virus. Encephalomyocarditis virus 
(EMC) is a picornavirus which can replicate in and lyse 
mouse cells, but whose cytolytic action is inhibited by the 
pretreatment of the cell with interferon. Stock virus was 
prepared from a 1-1 flask of confluent L929 cells. Growth 
medium was removed, and the monolayer was washed once 
with phosphate buffered saline (136 mM NaCl, 2.68 mM 
KC1, 8.1 mM Na 2 HP0 4 , 1.46 mM KH 2 P0 4 ; PBS) before 
the addition of 2 ml serum-free growth medium containing 
1 x 10 9 plaque-forming units (pfu) of EMC. After 1 h, the 
cells were refed with 20 ml growth medium and left for 
20 h, at which point cell lysis was evident. The supernatant 
was harvested, cleared by centrifugation at 10,000 rpm for 
30 min, dispensed into 50 ul aliquots, snap frozen and 
stored at -70° C. Virus concentration was determined by 



plaque formation on L929 cells as 4 x 10 8 pfu/ml, and the 
virus was used in the assay at a 1:100 dilution without 
further purification. Under the conditions used in the inter- 
feron assay described, 100% of the L929 indicator mono- 
layer cells were lysed when infected with 4 pfu per cell 
for 16 h. 

NDV-F antiserum. NDV-F antiserum was obtained follow- 
ing the injection of partially purified virus protein [2] into 
rabbits. Serum was collected 28 days later, heat inactivated 
before use and titred by two methods: 

1. Standard haemagglutinin-inhibition assay when the 
titre was found to be 1 :640. 

2. Neutralisation of interferon-inducing ability of NDV- 
F virus. NDV-F (0.1 HAU) was mixed with different dilu- 
tions of antiserum for 1 h at room temperature, and the 
ability of the virus to induce interferon in L929 cells was 
then assayed in a standard assay [1]. The complete neutral- 
isation of interferon-inducing ability was obtained with a 
1 : 100 dilution, and the antiserum was diluted 1 : 10 for use 
in the assay. 

Interferon assay. The interferon assay, modified from one 
which has been described previously [27], was designed to 
detect qualitatively interferon production either from small 
tissue fragments or from single cells. It involves three steps: 

1. The infection of tissue fragments with an interferon- 
inducing virus (i.e. NDV-F). 

2. The incubation of these induced fragments adjacent 
to an indicator cell monolayer. During this period, inter- 
feron produced by the fragments is absorbed by the indi- 
cator cells. 

3. The challenge of the indicator cell monolayer with 
a cytolytic virus (i.e. EMC) to reveal foci of cells exposed 
to interferon during step 2. 

All incubations were carried out in a gassed (5% C0 2 
in air) and humidified incubator at 37° C. Step 1 was per- 
formed with the tissue fragments placed separately in indi- 
vidual wells of a Terasaki microtite plate in alpha medium 
containing 5% heat-inactivated fbs. The medium was 
changed using a finely drawn glass capillary controlled by 
mouth pipette, with the sample viewed by a dissecting mi- 
croscope. 

Test fragments were incubated for 1 h in 10 ul medium 
plus 0.1 HAU NDV-F, washed three times in medium alone 
and then incubated for a further hour in medium plus a 
1:10 dilution of NDV-F antiserum. These induced tissue 
fragments were then placed inside circumscribed areas on 
top of an L929 cell monolayer and fixed in position with 
a drop of agar medium. The monolayer was then covered 
with 1.5 ml agar medium and incubated for 20 h. The pur- 
pose of the agar medium was to fix the samples in a defined 
position on the monolayer and limit the diffusion of inter- 
feron to the immediate area of the test fragment. The agar 
medium and test fragments were then dislodged from the 
indicator cell monolayer by tapping the assay dish at an 
angle of 45° and were removed by aspiration. The monolay- 
er was washed twice with prewarmed (37° C) PBS and then 
challenged with EMC virus: 4xl0 6 pfu EMC in 100 ul 
serum-free medium was added to each monolayer for 1 h. 
The dish was then refed with 4 ml growth medium and 
incubated for 16 h. To reveal foci of interfer on-protected 
cells, the indicator monolayer was washed once with PBS, 
fixed in 100% methanol for 1 min and then stained with 
0.1% crystal violet for 10 min. 
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Fig. 1. A typical assay plate showing positive (circles B-F) and 
negative (circle A) interferon synthesis by the parietal endoderm 
at the 13th day of development. See Methods for the assay details. 
Tissue fragments were either incorporated into the assay without 
pretreatment (circle A) or induced with virus and then incorporated 
into the assay (circles B-F). Only the virus-induced fragments syn- 
thesised interferon and produced foci of protected cells. The diame- 
ter of the foci within circles B-F (5-7 mm) did not correlate with 
the variation in size (100-500 urn) of the induced tissue fragments 

The appearance of the indicator monolayer at comple- 
tion of the assay is shown in Fig. 1. Six tissue fragments 
from the extra-embryonic parietal endoderm at the 13th 
day of development were placed in the centre of each circle. 
Circle A contained a fragment not exposed to NDV-F, 
while circles B-F each contained a fragment exposed to 
NDV-F. The foci of interferon-protected cells 5-7 mm in 
diameter (containing 2,500-3,500 cells) can only be seen 
in circles B-F. 

Sensitivity of the interferon assay. Interferon is routinely 
quantified by assaying the inhibition of viral nucleic acid 
synthesis in cells pretreated with interferon [1]. When L929 
cells are used in such an assay, they can detect 1.0 Interna- 
tional Reference Research Unit (IRRU) of mouse inter- 
feron. (Interferon standards were obtained from the Na- 
tional Insitute for Biological Standards, London, UK.) The 
qualitative assay described here can detect 0.5 IRRU mouse 
interferon when applied directly to the agar medium above 
the indicator cells (data not shown). 

Source of materials. The mouse strains, 129J Sv females 
and ¥ 1 (C57BL/CBA) males, were obtained from the ani- 
mal house, Oxford University, and "half-lop" rabbits were 
obtained from Hylyne, Surrey, UK. Tissue culture medium, 
new born calf serum and fbs were obtained from Flow 
Laboratories, Irvine, UK. Terasaki microtitre plates and 
5-cm plastic dishes were obtained from Falcon Plastics, Sci- 
entific Supplies, London, UK. L929 cells and Freunds adju- 
vant were obtained from Gibco Biocult, Paisley, Scotland. 
Gelatin (swine skin type III) was obtained from Sigma 
Chemicals, Dorset, UK. Agar was obtained from Difco 
Laboratories, Surrey, UK, and benzylpenicillin and strepto- 
myocin were obtained from Glaxo Laboratories, Middle- 
sex, UK. Crystal Violet was obtained from BDH Chemi- 
cals, Dorset, UK. 



Results 

Using a qualitative bioassay, we assayed maternal and em- 
bryonic tissues for both constitutive interferon synthesis 
and competency to be induced to synthesise interferon. Test 
tissues were obtained at the 7th-8th to and 13th days of 
development from the maternal uterus and decidua of strain 
129J/Sv females and embryos resulting from matings be- 
tween 129J/Sv females and Fj (C57BL/CBA) males. Each 
tissue was dissected into fragments 100-500 um in diameter. 
Samples from the same tissue were either incorporated into 
the bioassay without pretreatment in order to measure con- 
si titutive interferon synthesis or exposed to an inducing vi- 
rus and then incorporated into the bioassay in order to 
measure competency for interferon induction. 

Seventh to eighth day of development. The results obtained 
from the early post-implantation mouse embryo are shown 
in Table 1 and Fig. 2. Table 1 shows both constitutive and 
induced interferon synthesis in separate tissues of the em- 
bryo and the maternal tissues enclosing the developing em- 
bryo, at the early 7th, late 7th and early 8th day of develop- 
ment. Figure 2 shows the development of virus-induced in- 
terferon synthesis in these stages of embryogenesis. 

The data in Table 1 show that constitutive interferon 
synthesis (i.e. synthesis of interferon in the absence of an 
inducer) was not seen in any embryonic or maternal tissue 
at this time. Measurements of both constitutive and induced 
interferon synthesis were performed upon fragments ob- 
tained from the same tissue, using assays carried out at 
the same time as those in which induced fragments gave 
positive results (see Table 1, induced columns). 

In contrast to the results obtained for constitutive syn- 
thesis, it was possible to induce the early post-implantation 
embryo and associated maternal tissue to synthesise inter- 
feron upon virus infection. The extent of this induced syn- 
thesis is described in Fig. 2 as nil (none of the induced 
tissue fragments included in the assay produced a positive 
result), low (20%-30% of induced fragments produced pos- 
itive results) or high (60%-100°/o of induced fragments pro- 
duced positive results). The measurement of induced inter- 
feron synthesis in these embryonic stages highlights four 
main points : 

1. Induced synthesis is initially absent in most tissues 
of the early 7th-day embryo, with the exception of the tro- 
phoblast, which shows a low level (33%) of inducible syn- 
thesis. It should also be noted that control virus-induced 
maternal tissues early in the 7th day showed a reduced 
level of induced synthesis compared to the late 7th and 
early 8th day of development (approximately 35%, com- 
pared to greater than 70% at later stages). These results 
were seen in two separate assays of early 7th-day material 
obtained from different matings. 

2. Induced synthesis is developmentally regulated, 
reaching high, levels in late 7th-day and early 8th-day em- 
bryos in tissues which initially showed nil or low levels 
of induction (Fig. 2). By the early 8th day, all tissues, with 
the exception of the visceral extra-embryonic endoderm (V. 
ex. END) and the embryonic ectoderm (emb. ECT), could 
be induced to produce interferon. 

3. Non-inducible tissues do not inhibit interferon syn- 
thesis from inducible tissues. Two tissues remained non- 
inducible at the early 8th day of development (V. ex. END, 
emb. ECT). When these tissues were assayed together with 
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Table 1. Constitutive and induced interferon synthesis in the tissues of the early post-implantation mouse embryo at the early 7th, 
late 7th and early 8th day of development 



Early 7th day 



Late 7th day 



Early 7th day 



Constitutive 



(») 



Induced 



Constitutive Induced 



Constitutive 



Induced 



Embryo 








EPC 


0 


(4) 


0 


TB 


0 


(5) 


33 


PE 


0 


(4) 


0 


V. ex. END 


0 


(4) 


0 


ex. ECT 


0 


(4) 


0 


V. END 


0 


(4) 


0 


emb. ECT 


0 


(4) 


0 


Maternal 








Myometrium 


0 


(10) 


36 


Decidua 


0 


(10) 


40 





(24) 

(22)1 

(10)/ 

(19) 1 

(20) / 
(21) 
(13) 



(27) 
(22) 



% 


00 


% 


w 


% 


(«) 


% 


(«) 




0 


(4) 


75 


(12) 


0 


(4) 


71 


(7) 




0 9 


(4) 


75 


(8) 


0 


(4) 


80 


(15) 




0 

0 
0 


(4) 

(5) 
(4) 


11 

7 
0 


(18) 

(15) 
(10) 


0 
0 

0 b 
0 


(5) 
(5) 
(5) 
(5) 


0 

33 
73 b 

0 


(10)1 
(6) J 
(11) 
(12) i 


>91% («=11) 
82% (n =17) 


0 
0 


(10) 
(10) 


92 
100 


(12) 
(10) 


0 
0 


(10) 
(10) 


73 
70 


(21) 
(27) 





The percentage of tissue fragments that produced a positive result in the interferon assay is given in each column. Each result is 
the average of two assays conducted on a number of fragments (n) from two separate matings. Tissue fragments (100-500 um in 
diameter) were either incorporated into the interferon assay without pretreatment to measure constitutive synthesis or induced with 
virus and then incorporated into the assay to measure induced synthesis 

EPC, ectoplacental cone; TB, trophoblast of the parietal yolk sac; PE, parietal endoderm; V. ex. END, visceral extra-embryonic 
endoderm; ex. ECT, extra-embryonic ectoderm; V. END, visceral embryonic endoderm; emb. ECT, embryonic ectoderm 

■ Results which are bracketed together were obtained from tissues assayed jointly 

b With the manual dissection employed here, the mesoderm arising at the early primitive streak stage is included with the V. END 
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EARLY 7th DAY LATE 7th DAY EARLY 8th DAY . 

Fig. 2. Virus-induced interferon synthesis in the mouse embryo at the early 7th, late 7th and early 8th day of development based 
on data presented in Table 1 . Unshaded areas represent tissues which were non-inducible, light shading represents tissues with a low 
level of inducibility (10%-30% of tissue fragments produced positive results in the assay), and heavy shading represents tissues with 
a high level of inducibility (60%-100% of tissue fragments produced positive results in the assay). See Methods for the interferon-assay 
details. For abbreviations, see legend of Table 1. With the manual dissection employed here, the mesoderm arising at the early primitive 
streak stage is included with the V. END * 



their neighbouring tissues (i.e. V. ex. END plus extra em- 
bryonic ectoderm and emb. ECT plus visceral endoderm) 
the interferon response was unaffected (91% and 82%, re- 
spectively). 

4. Early differentiated tissues are non-inducible. In the 
early 7th-day embryo, induced synthesis could not be eli- 
cited from any differentiated tissue except the trophoblast 
of the parietal yolk sac (PYS). By early in the 8th day, 
most of the differentiated tissues could be induced, although 
the V. ex. END remained an exception. The undifferen- 
tiated pluripotent embryonic ectoderm, which is the source 
of the embryo proper, could not be induced to synthesise 
interferon, even when taken from early 8th-day embryo. 



Thirteenth day of development. The results obtained from 
the late post-implantation embryo and associated maternal 
tissues are shown in Table 2 and Fig. 3. Table 2 shows both 
constitutive and induced interferon synthesis, and Figure 2 
shows the arrangement of the embryo and extra-embryonic 
membranes, and the level of induced interferon synthesis 
in these tissues. These data were obtained as previously 
described for the early post-implantation embryo. 

The data in Table 2 show that, as with the early post- 
implantation embryo, constitutive interferon synthesis was 
not seen in any embryonic or maternal tissue. Table 2 and 
Fig. 3 show that the 13th-day embryo, the three surround- 
ing extra-embryonic membranes and the associated mater- 



Table 2. Constitutive and induced interferon synthesis in the tissues 
of the late post-implantation mouse embryo 

13th day of development 



Constitutive Induced 





0/ 
YO 


{") 


0/ 

/o 


w 


Embryo 










Placenta 


0 


(.6) 


100 


(11) 


Trophoblast 


0 


(.6) 


4 


(31) 


Parietal 
Endoderm 


0 


(6) 


76 


(3D 


Visceral 
Yolk sac 


0 


(6) 


70 


(30) 


Amnion 


0 


(6) 


67 


(30) 


Neural tissue 


0 


(6) 


67 


(30) 


Heart tissue 


0 


(6) 


50 


(19) 


Gut tissue 


0 


(6) 


82 


(17) 


Maternal 










Myometrium 


0 


(10) 


75 


(26) 



Each result is the average of three separate assays conducted on 
a number of fragments (n) from three separate matings. The legend 
is as for Table 1 




13th DAY OF DEVELOPMENT 

Fig. 3. Virus-induced interferon synthesis in the mouse embryo and 
extra-embryonic membranes at the 1 3th day of development based 
on data presented in Table 2. Abbreviations as for Table 1 plus 
in addition, PLAC, placenta; VYS, visceral yolk sac; AM, amnion; 
NT y neural tissue; HT, heart tissue; GT, gut tissue 

nal tissue could all be induced to synthesise high levels of 
interferon upon virus infection (60%-100% of the frag- 
ments were positive). 

The three extra-embryonic membranes are all bilayered, 
and the outermost membrane, the PYS, is composed of 
an inner layer of parietal endoderm cells and an outer layer 
of trophoblast cells. The PYS atrophies during the last third 
of embryonic development. In the embryos used in this 
study, the trophoblast was present at the 13 th day, but 
was clearly reduced by the 15th day of development. The 
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trophoblast is, therefore, the outermost embryonic cell layer 
of the 13th-day and early post-implantation embryo, and 
is in close contact with the maternal decidua and blood. 
The nucleated cells of maternal blood are inducible by virus 
and could potentially produce false positives within the as- 
say. However, the negative results obtained with 13th-day 
PYS trophoblast tissue (0%, 11% and 0% in three separate 
assays) suggest that the contamination of this embryonic 
tissue with maternal blood results in negligible interference 
with the assay results. 

Discussion 

Although much is known concerning interferon induction, 
this is the first report describing interferon synthesis in a 
developing embryo. We show here that, in embryos result- 
ing from matings between 129J/Sv females and F t (C57BL/ 
CBA) males, the competence to synthesise interferon in re- 
sponse to a virus inducer is developmental^ regulated. Fur- 
thermore, interferon synthesis in the absence of an inducer 
(i.e. constitutive synthesis) is not seen in any embryonic 
or maternal tissue before the 13th day of development. 

The majority of embryonic tissues present early in the 
7th day of development are either non-inducible by virus 
(e.g. ectoplacental cone, parietal endoderm, visceral endo- 
derm, visceral extra-embryonic endoderm, embryonic ecto- 
derm and extra-embryonic ectoderm) or only able to syn- 
thesise low levels of interferon (e.g. the trophoblast). This 
situation alters by early in the 8th day, when only two 
tissues (the visceral extra-embryonic endoderm and the em- 
bryonic ectoderm) remain non-inducible. Further change 
occurs by the 13th day of development when high levels 
of interferon synthesis can be induced in all embryonic tis- 
sues tested, with the exception of the trophoblast (Tables 1 , 
2). The lack of inducibility of the 13th-day trophoblast con- 
trasts with the high level seen in the 8th-day trophoblast 
and is probably related to the atrophy and removal of this 
tissue which occurs during the 15th-16th day of develop- 
ment. The competence of early embryonic tissue to synthes- 
ise interferon in response to virus induction thus arises non- 
synchronously in most differentiated tissue, while remaining 
absent from undifferentiated (i.e. pluripotent) tissue. This 
behaviour resembles that described [6] in differentiating ter- 
atocarcinoma cells. Undifferentiated teratocarcinoma cells 
could not be induced to produce interferon until they were 
allowed to differentiate in vitro, when these cells could be 
induced. 

Two cell types, distinguished by morphological and bio- 
chemical criteria, are initially established in the pre-impian- 
tation mouse embryo and are termed the inner cell mass 
(ICM) and the trophectoderm (TE). Tissues present in the 
early post-implantation embryo are derived from either of 
these cell types [15]. The appearance of interferon inducibi- 
lity in the post-implantation embryo is not restricted to 
cells of one lineage. Instead, as seen in Table 1, tissues of 
both TE origin (e.g. ectoplacental cone) and ICM origin 
(e.g. visceral endoderm) show equally high levels of induci- 
bility by the early 8th day of development. In addition, 
all tissues derived from any one lineage are not equally 
inducible. For example, the visceral extra-embryonic endo- 
derm, the visceral endoderm and the parietal endoderm all 
originate from the primitive endoderm of the late 4th-day 
embryo [17]. Of these, the former is non-inducible, while 
the two latter tissues are highly inducible at the 8th day 
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of development (Table 1). Since all three tissues originate 
at the same developmental age and from the same precursor 
population, it is unlikely that a trivial explanation, such 
as differential viability, can explain the lack of interferon 
induction in the visceral extra-embryonic endoderm. The 
restriction of interferon inducibility in the 8th-day visceral 
endoderm to those cells which overlie the embryonic ecto- 
derm is identical to the restriction of alphafoetoprotein syn- 
thesis in visceral endoderm which is observed at this time 
[13]. It is therefore possible that the tissue interactions 
which are thought to modulate the synthesis of alphafoeto- 
protein [12] also influence interferon inducibility. 

The synthesis of interferon in the absence of an inducer 
(i.e. constitutive synthesis) was not seen in embryonic or 
maternal tissue at the 7th-8th or the 13th day of develop- 
ment (Tables 1 , 2). These results from the 1 3th day of devel- 
opment contrast with those which have been obtained from 
NIH Swiss mouse embryos [14]. In this strain, high levels 
of constitutively produced interferon have been detected 
in the placenta from the 10th day until term. Differences 
between lines of mice in their response to viral induction 
of interferon synthesis have been recorded for adult mice 
[8]. It is therefore possible that the differences between con- 
stitutive interferon synthesis in extra-embryonic tissues of 
NIH Swiss embryos and the embryos described here are 
strain dependent. 

Two controls were introduced in order to monitor the 
efficiency of the bioassay. The first made use of similar- 
sized tissue fragments taken from the uterus myometrium 
and deciduum. The second involved the measurement of 
constitutive and induced interferon synthesis on different 
fragments taken from the same tissue. Thus, negative results 
were always obtained under conditions when control-in- 
duced tissue produced positive results in assays conducted 
at the same time. Therefore, we feel it is unlikely that the 
negative results described here have a trivial explanation, 
such as lack of viability in vitro. The control virus-induced 
maternal tissues (i.e. the uterus myometrium and decidua) 
showed a reduced level of induced interferon synthesis (i.e. 
36%-40%) compared to results obtained from later gesta- 
tion stages (i.e. 73%-100%). It is not clear why this is 
so, or if it indicates a depression of induced interferon syn- 
thesis in the embryo as well. However, this result does not 
reflect variability in the assay itself, since this result could 
only be seen in maternal tissues from the early 7th day 
of development and not in later development stages. 

The data show that some tissues of the early embryo 
can be induced to synthesise interferon, whilst neighbouring 
tissues are non-inducible. It is not known whether this le- 
sion in the non-inducible cells is at the level of virus entry 
and inducer formation or at the level of induction and ex- 
pression of the interferon gene itself. However, it is known 
that lytic virus replication, and therefore probably inducer 
formation, does occur in undifferentiated teratocarcinoma 
cells [6] which are considered to be analogous to early un- 
differentiated embryo cells. In addition; the results in Ta- 
ble 1 show that interferon synthesis is not induced in iso- 
lated V. ex. END or in emb. ECT, but can be induced 
in aggregates of these tissues with their neighbouring tis- 
sues. This suggests that the inability to produce interferon 
is not due to a diffusable antagonist of either the inducer 
or interferon itself. 

The ability of tissues of the early post-implantation em- 
bryo to synthesise interferon in response to virus induction 



suggests that this mechanism is of importance in eliminating 
pathogenic virus from the foetus. The early embryo itself 
has no immune defence mechanisms: immunocompetent 
cells do not develop until the 14th-l 5th day of development 
[21, 31] and maternal interferon is not thought to cross 
the placental barrier [28]. We have shown that the post- 
implantation embryo from the late 7th day of development 
can synthesise interferon in response to a virus infection. 
However, interferons are known to exert pleiotropic effects 
on the cell, including the inhibition of cell proliferation 
[35], and cells of the post-implantation embryo are known 
to be sensitive to these anti-proliferative effects [11]. It is 
therefore possible that the teratogenic effects produced by 
some virus infections of the foetus [25, 26] may be attrib- 
uted both to viral cytolysis and the anti-proliferative actions 
of interferon. 

The role that interferon and interferon-associated en- 
zymes may play in regulating cell differentiation is begin- 
ning to be studied. In this study, we show that upon appro- 
priate stimulation, the embryo can synthesise interferon 
from the late 7th day of development. This raises the possi- 
bility that embryonic interferon may influence some events 
in embryogenesis. 
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Comment 



into an exon or intron of an actively 
transcrited endogenous gene, thereby 
simultaneously disrupting die gene 
and acting as a locus-specific marker 
of the gene. This would greatly facili- 
tate the identification and cloning of 
the disrupted genes, a task that is not 
necessarily straightforward following 
chemical mutagenesis. In practice, 
hundreds of transgenic embryos, each 
canying multiple integration sites, 
could be generated per clay and 
screened for GFP expression. A huge 
advantage of using this approach in 
frog embryos is that they develop 
externally, therefore GFP expression 
can be assayed in living embryos at 
any stage. Most embryos will not 
express the marker gene. These will 
be discarded and only the few that 
express will be nurtured to maturity, 
thus greatly reducing the number of 
embryos that must be carried to the 
next generation. Preliminary experi- 
ments in X. laevis strongly suggest 
that using a gene trap approach will 
be productive (O. Bronchatn and 
E. Amaya, unpublished). 

The powerful manipulations that 
one can perform on amphibian 
embryos have been used to reveal 
important principles about develop- 



ment for over a century. As we 
approach die next century, it appears 
that it will now be possible to overlay 
this rich embryological history with the 
power of genetic manipulations, creat- 
ing an armamentarium of approaches 
as we look towards revealing a new 
generation of concepts about verte- 
brate embryonic development. 
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Many fundamental natural processes 
have been uncovered not by pre- 
planned scientific enquiry, but seren- 
dipitously by engineers and scientists 
who observed unexpected conse- 
quences of their manipulations. Biolo- 
gists routinely use engineering to 
manipulate the expression of specific 
genes and, thus, understand (or ben- 
efit from) their function. Sometimes we 
wish to make a particular gene silent; 
at other times we want the genes to 
'talk' more loudly. Attempts at silenc- 
ing have often employed an antisense 
strategy of introducing single-stranded 
nucleic acid from the noncoding 
strand to sequester or modify the 



native traascript, thereby preventing 
accumulation of the corresponding 
protein. Conversely, by introducing 
extra copies of a specific gene, one 
might expect in many cases to over- 
produce the corresponding mRNA 
and protein products. Although these 
techniques have been successful in 
numerous applications, a body of lit- 
erature is emerging that documents 
certain cases in which unexpected 
outcomes of these manipulations are 
seen in organisms as diverse as 
nematodes and plants. These obser- 
vations encompass 'transgene silenc- 
ing' (a failure to express certain multi- 
copy transgenes) and co-suppression 
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(the ability of a 'sense' ttaasgene to 
interfere with the activity of the 
endogenous genetic locus). Certain 
of these phenomena are thought to 
involve direct DNA-DNA inter- 
actions, whereas others have been 
proposed to require an RNA effector 
molecule. The structure and mecha- 
nistic properties of RNAs mediating 
the latter type of co-suppression 
have yet to be elucidated. Here, we 
discuss the possibility that double- 
stranded RNA (dsRNA), rather than 
sense or antisense single-stranded 
RNAs alone, is the effector molecule 
responsible for RNA-mediated silenc- 
ing and co-suppression. 
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Figure 1. Unintended production of double-stranded (ds) RNA. Left, a series of theoretical experiments that might be designed to 
produce a pure population of single-stranded RNA. Right, how a low level of dsRNA could also be produced in each case, (a) A 
transgene designed to produce 'sense' RNA is transcribed at low level from a cryptic (or natural) start site on the opposite strand. 
Hybridization to 'sense' transcripts from the same template would result in dsRNA. (b) A transgene designed to produce 'antisense' 
could similarly be subject to low-level transcription on the opposite strand, with dsRNA resulting from hybridization of the newly 
transcribed RNAs. (Note that antisense RNA might alternatively hybridize with the endogenous chromosomal transcript to make dsRNA; 
it is not clear, however, that sense and antisense RNAs sythesized at distant nuclear sites would form dsRNA and be capable of 
interference.) (c) A transgene array containing tandem and inverted copies of a DNA construct CgeneXO might be expected to produce 
only one strand of RNA. Note, however, that readthrough of die geneX terminator would produce RNA with an inverted repeat 
structure. This RNA could undergo intramolecular hybridization to produce a predominantly double-stranded hairpin, (d) During in 
vitro synthesis of RNA. transcription initiates primarily at the bacteriophage RNA-polymerase promoter. Initiation can, however, also 
occur at internal sites and template ends, which leads to some inclusion of dsRNA in 'sense' and 'antisense' RNA preparations. 
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RNA-mediated genetic interference 
(RNAi) in the nematode C elegans 

Several years ago it was reported 
that antisense RNA targeted to specific 
endogenous genes in Caenorhabditis 
elegans, when either expressed from 
a transgene 1 or injected directly into 
the worm's gonad 2 , could phenocopy 
a null or hypomorphic mutation in 
the targeted gene. Surprisingly, both 
reports indicated that sense tran- 
scripts also were effective in producing 
the targeted phenotype. These obser- 
vations were difficult to explain 
using a conventional model of anti- 
sense sequences inactivating the 
sense transcript. Recently, at least 
part of this mystery was solved by the 
discovery that much, if not all, of the 
genetic interference from injected 
'sense' and 'antisense' RNA Is actually 
mediated by double-stranded RNA 
(dsRNA) that is present at a low level 
in all in vitro RNA syntheses because 
of the non-specific activity of RNA 
polymerases 3 (Fig. 1). Highly puri- 
fied preparations of antisense (and 
sense) RNAs had negligible effects, 
whereas dsRNA exhibited potent 
and specific interference against any 
of a variety of targeted genes. The 
potency of RNAi in worms points to 
the existence of novel mechanlsm(s) 3 
Even with an abundamly transcribed 
target (several thousand mRNA copies 
per cell), a few molecules of dsRNA 
per cell can produce specific inhibi- 
tion. This would not be expected from 
a simple antisense mechanism; there 
is simply not enough material to bind 
to all the endogenous mRNA tar- 
geted for destruction. These results 
generated two fundamental ques- 
tions: how can dsRNA mediate gene- 
specific interference; and what is the 
physiological purpose of this process? 

RNA-mediated silencing and 
co-suppression in plants 

A second body of work on RNA- 
mediated interference comes from 
the plant world 4 . In the late 1980s, 
plant researchers were surprised to 
find that the introduction of certain 
transgenes into plants can result in 
homology-dependent silencing of an 
endogenous locus (rather than over- 
expression of the coding region of 
interest). This phenomenon is referred 
to as co-suppression. Not all trans- 
genes cause this effect; there is no 
current basts for predicting which 
would and which would not. Gene 
silencing in plants has been proposed 



to encompass a variety of different 
mechanisms 4 - 5 , including some that 
act by direct DNA-DNA interaction 
and others that involve interference 
by an RNA product of the transgene. 
Strong evidence for the latter class of 
mechanisms comes from experiments 
in which RNAs are introduced in the 
absence of a DNA template (using 
RNA viruses as vectors); the ability of 
viral RNAs to interfere with a homolo- 
gous gene in the plant genome is one 
of the strongest arguments for the 
existence of RNA-mediated silencing 
mechanisms 6 " 8 . 

The literature contains a few clues 
as to the nature of the interfering RNA. 
In certain cases, co-suppression is 
correlated with high-level transcription 
of the transgene 9 - 10 . Given recent 
results in C. elegans, we pose the 
possibility that transcription along die 
antisense strand of a transgene could 
result in low levels of interfering 
dsRNA (Fig. 1). Such transcription 
might be low-level synthesis directed 
by sequences within the vector or 
flanking regions at the site of inte- 
gration (e.g. see Ref. 11). Significantly, 
Que et al. 10 reported that, whereas 
co-suppression was associated with 
accumulation of transcripts at high 
concentrations from single-copy traas- 
genes, inversely repeated transgenes 
could cause co-suppression, irrespec- 
tive of promoter strengdi or level of 
the transgene mRNA. 1 ranscripts from 
inversely repeated transgenes would 
be expected to produce a double - 
stranded structure. Experiments with 
chimeric RNA viruses 7 - 8 might simi- 
larly point toward a dsRNA involve- 
ment; in these experiments, the viral 
RNA replicase copies the chimeric 
RNA in the cytoplasm, generating 
both sense and antisense material. 

Similarities between nematodes 
and plants 

RNAi in worms and co-suppression 
in plants share some striking similar- 
ities. Both are cases of gene-specific 
interference. dsRNA has been shown 
to be the agent of interference in 
nematodes and, as suggested above, 
there is some indication that dsRNA 
could also be responsible for co- 
suppression in plants. Perhaps the 
most interesting common characteris- 
tic is that the phenomenon can spread 
from the site of interfering RNA syn- 
thesis or application. In worms, the 
dsRNA mix can be injected into the 
body cavity, where it can produce an 
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interfering effect in distant tissues 
and in Fl progeny, indicating that 
ceils may have an RNA-transport 
mechanism 3 . Similarly, two groups 
of researchers have demonstrated the 
systemic spread of co-suppression in 
plants 12 - 13 . An RNA molecule, spread- 
ing throughout the plant via phloem, 
has been proposed as the mobile 
agent responsible for transmitting 
the co-suppression state 12 . 

Possible mechanisms for 
RNA-mediated interference 

The sub-stoichiometric activity of 
the interfering RNA in €. elegans 
led to various models: that interfer- 
ence involves a catalytic mechanism 
dependent on the injected RNA; that 
the input material is amplified; or that 
interference occurs at the level of die 
gene. Several lines of evidence argue 
against DNA in the genome as a tar- 
get for RNAI Effects of dsRNA are 
generally not heritable beyond die 
first generation; injected animals and 
progeny exhibit die effects of RNAi, 
whereas animals of the F2 generation 
generally revert to a wildtype pheno- 
type 3 . Additional evidence conies 
from direct sequencing of genomic 
DNA following RNA-mediated inter- 
ference with unc-22; these experi- 
ments yielded no indication of mu- 
tations in the target gene (S. Xu and 
A. Fire, unpublished). Consistent with 
an RNA target, interference was effec- 
tive using a variety of regions present 
in mature RNA, but was not effective 
using intronic or promoter se- 
quences 3 . At this point, one attractive 
hypothesis is that dsRNA might result 
in early degradation of the endogen- 
ous mRNA. We know from in situ 
hybridization studies that RNA tran- 
scripts of a target gene fail to accu- 
mulate after RNAi (Ref. 3). Conceiv- 
ably, the lack of mRNA products could 
be an indirect consequence of blocked 
processing or transport. Alterna- 
tively, endogenous transcripts could 
be degraded by a sequence-specific 
mechanism directed by dsRNA. 

Hie meclianisms mediating certain 
co-suppression phenomena in plants 
have been shown to act bodi on the 
DNA template and on RNA products. 
Wassenegger etalP showed that viral 
or transgene-generated RNA could 
direct de noiv modification (pre- 
sumably methylation) of a homolo- 
gous sequence in the plant genome. 
Other studies provide cases in which 
RNA-mediated co-suppression acts 
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post-transcriptionally, potentially by 
the rapid degradation of the target 
transcript 14 . In one example, trans- 
gene-mediated silencing of the en- 
dogenous gene encoding (3-1,3- 
glucanase in tobacco, de Carvalho 
Niebel and colleagues 15 demonstrated 
that the suppressed genes are actively 
transcribed. Subsequently, Jacobs et 
al. 16 showed that gene silencing in 
this line correlates with an increased 
turnover of both the transgenic and 
the endogenous transcripts of fJ-1,3- 
glucanase. In the case of virally pro- 
vided RNA sequences, it appears that 
viral RNA molecules can serve as 
targets as well as 'triggers' for co- 
suppression 8 - 1 3,17, Could there be a 
mechanistic link between (a) RNA- 
mediated degradation of RNA and 
(b) RNA-mediated methyiation of 
DNA? One possibility is that these are 
two separate processes mediated by 
similar RNA molecules; alternatively, 
there could be a causal relationship, 
perhaps from an ability of RNA decay 
products to trigger methyiation of 
homologous sequences in replicat- 
ing DNA. 

Does RNA-mediated interference 
do a job for the cell? 

In addition to the mechanistic 
questions, attention is also merited to 
the physiological role for the RNA- 
associated silencing phenomenon. A 
role for co-suppression mechanisms 
in systemic defense against viruses has 
been suggested for plants 17 ' 18 and 
could apply to other organisms as 
well. Such a response represents an 
effective means by which to prevent 
viral replication and induce resist- 
ance in surrounding tissues prior to 
viral invasion. 

Alternatively, co-suppression/ 
RNAi might modulate normal gene 
expression. One can easily imagine 
double-stranded RNAs being used 
by the cell as a potent means to turn 
off specific genes in response to 
physiological or developmental cues. 
Perhaps the best way to identify 
these processes will be to find mu- 
tants that are defective in carrying 
out RNAi. 

Do RNA-interference mechanisms 
have counterparts outside of 
plants and nematodes? 

Mammalian cells exhibit a global 
antiviral response to double-stranded 
RNA. In this response, die PKR pro- 
tein kinase recognizes dsRNA and 
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unleashes a vehement but somewhat 
non-specific response leading to 
general translational arrest 19 . Intrigu- 
ingly, this type of systemic response 
can occur if the dsRNA is provided 
extracellularly 20 (consistent with the 
possibility of dsRNA uptake by mam- 
malian cells). Viruses have evolved a 
number of strategies for evading or 
inhibiting the PKR response 21 . Cer- 
tain tissue-culture cell lines lack PKR 
and are susceptible to mutant viruses 
that would otherwise be non-virulent. 
Any gene-specific interference by 
dsRNA in PKR-proficient mammalian 
cells would be dependent on a tran- 
sient lapse in the PKR response, or 
on a controlled level of dsRNA that 
was incapable of activating PKR. 

A wealth of information indicates 
that specific RNA-mediated interfer- 
ence mechanisms contribute to the 
control of gene expression in verte- 
brate and other systems. For many of 
these contributions, the precise nature 
of the interfering RNA (single-stranded 
versus double-stranded material) has 
yet to be characterized. Antisense 
transcripts have been reported for 
large numbers of vertebrate genes 22 . 
In some cases, roles for these tran- 
scripts in regulating the sense tran- 
scripts from the opposite strand have 
been demonstrated. From an infor- 
matics perspective, a surprisingly 
large fraction of vertebrate mRNAs 
contain long-conserved sequences 
within the 3' untranslated region as 
well as long blocks without silent 
changes in their protein-coding 
regions 22 . Lipman 22 has proposed 
that these conserved sites are regu- 
latory targets of endogenous antisense 
transcripts encoded by the comple- 
mentary strand of the gene. Such a 
mechanism would, thus, be common 
and relatively conserved. Endogenous 
genes regulated by antisense tran- 
scripts have also been described for 
the primitive eukaryote Dictyostelium, 
and such mechanisms have been 
studied in detail in Eubacteria and 
Archaebactcria (reviewed in Ref. 23). 
Co-suppression phenomena, similar 
to that described for plants, have also 
been observed in Dictyostelium 2 *. It 
will be interesting in the next few 
years to learn whether any or all of 
these effects share underlying mecha- 
nistic features and we suggest, more- 
over, that by studying the mecha- 
nisms underlying these phenomena, 
we will be better able to interpret the 
native language of die cell. 
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Summary 

Pluripotential embryonal carcinoma (EC) ceils do 
not produce Interferon after treatment with a wide 
variety of inducers, nor are they sensitive to its 
action. Several differentiated lines derived from 
the EC cells, however, both produce and are 
sensitive to mouse interferon. Differentiation of 
EC cells in vitro is accompanied by development 
of interferon inducibility and sensitivity. 

Introduction 

The stem cells of mouse teratocarcinomas are 
embryonal carcinoma (EC) cells (Kleinsmith and 
Pierce, 1964). Cloned EC cells will differentiate 
when injected into an adult host (Pierce, Dixon 
and Verney, 1960) when injected into a blastocyst 
(Papaioannou et al., 1975; lllmensee and Mintz, 
1976) and when cell culture conditions are 
changed (reviewed by Martin, 1975). The differen- 
tiation of EC cells in culture provides an opportu- 
nity for studying the changing susceptibility of 
cells to virus infection as their phenotype changes 
(Swartzendruber and Lehman, 1975; Kelly and 
Boccara, 1976). The EC cells are resistant to infec- 
tion by polyoma and SV40, and susceptible to 
infection by adenovirus 2, while the differentiated 
cells produced by EC cells can be infected by all 
three viruses. We have investigated whether or not 
the EC cells and their differentiated products can 
produce interferon. 

Results 

Induction of Interferon 

A number of different murine teratocarcinoma cells 
were treated with the interferon inducer, Newcastle 
Disease virus (NDV), and the interferon yield was 



titrated by a standard interferon assay. We have 
used three clonal EC cell lines [247-DESCI*, 299-3 
(see Experimental Procedures) and OC15S1 (Mc- 
Burney, 1976)] and have also followed the change 
in phenotype as OC15S1 cells differentiated in cul- 
ture. In addition, EC cells were isolated directly 
from embryoid bodies grown in animals (T76-12A 
and B); these were also allowed to differentiate in 
culture and tested for their capacity to produce 
interferon. We also studied several cloned differ- 
entiated cell lines derived from teratocarcinomas; 
these were parietal yolk sac cells (PYS-2), fibro- 
blasts (LTP) and a nontumorogenic line SV 4 <rCI 2 
(Lehman et al., 1974; Swartzendruber and Lehman, 
1975). 

Table 1 shows that EC cells cannot be induced 
to produce interferon, while cultures containing 
differentiated derivatives of EC cells can be in- 
duced to do so. The failure of the EC cells to 
produce interferon was not due to the failure of 
the virus to adsorb or replicate sufficiently to in- 
duce interferon (Sheaff, Meager and Burke, 1972), 
since an extensive cytopathic effect was seen in 
the infected cells which was a result of virus infec- 
tion. It was possible, however, that the virus de- 
stroyed the cells too rapidly for interferon to be 
formed. We therefore measured the amount of 
interferon formed by treatment of the EC cells with 
a wide variety of inducers (Table 2). These were 
poly(rl.rC) with and without DEAE-dextran (DEAE- 
DX), two types of superinduction conditions (Vilcek 
and Ng, 1971; Mozes and Vilcek, 1975), two repli- 
cating and one nonreplicating virus, and both virus 
and poly(ri.rC) in cells primed with interferon 
(Stewart, Gosser and Lockart, 1971). In no case 
was any interferon formed. Since this range of 
inducers represents examples of all the different 
agents known to be active in tissue culture, we 
concluded that EC cells could not be induced to 
form interferon; nor was there any constitutive 
production of interferon by any of the cell lines- 
that is, in the absence of any inducer. 

To establish that the appearance of inducibility 
was not due to the selection of a minor subpopu- 
lation of cells in the EC cell cultures, we studied 
inducibility under conditions in which the EC cells 
differentiate with little cell division (Experimental 
Procedures). It can be seen that under these con- 
ditions, interferon inducibility develops from a low 
initial level to one typical of the differentiated cells 
(Table 3). It is not possible to state with confidence 
whether the yield of 4 interferon units per 10 6 cells 
on day 1 is due to interferon or to a small nonspe- 
cific depression of virus RNA synthesis. 

The resistance of EC cells to polyma and SV40 
virus infection (Swartzendruber and Lehman, 1975) 
could have been due to interferon production. The 
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EC cells, however, neither produce interferon con- 
stitutively nor can they be readily induced to do so 
(Tables 1 and 2). It remained possible that the EC 
cells were, for unknown reasons, already in a 
hyporesponsive state for interferon production. In 
this state (usually produced by treatment of cells 
with an interferon inducer), cells initially produce 
interferon and are protected from virus infection 
by its action. Such cells are subsequently unable 
to produce more interferon when exposed to a 
second inducer (Breinig, Armstrong and Ho, 1975). 

The following experiment shows that the EC 
cells are not in the hyporesponsive state and that 
they remain fully susceptible to infection by viruses 
which are known to be interferon-sensitive. Sem- 
liki Forest virus (SFV), rather than NDV, was used 
to measure the susceptibility of the ceils to virus 
infection because of its greater sensitivity to inter- 
feron action. Cells were infected at a multiplicity 
of 10 pfu per cell, and virus growth was followed 
by plaque titration of released virus and also by 



Table 1. interferon Induction in Mouse Teratocarclnoma Cells 
by NDV (Strain B1) 



Cell Line" (and Number per Culture) 


Interferon 
Titer 
(log,* 
Units) 


Interferon 

Tlter/10* 

Cells 


Stem cells (embryonal carcinoma) 
247-OESCM4X10*) 


<0.5 


<8 


Unipotential stem cell line 
299-3 (2.5 x 10«) 


<0.5 


<1 


Partially differentiated cell cultures 
T-76-12A(2.0x 10*) 
T- 76-1 2 B (3.9 x 10*) 


3.20 
2.55 


793 
910 


Differentiated cell lines 
PYS-2(9.2 x 10*) 
SV40-C1,(8x 10*) 


3.75 
3.40 


6110 
3140 



■ (247-DESCI,) 95-99% pure EC cells; (299-3) 95-99% pure EC 
cells; (T-76-12 A) 60% differentiated cells; (T-76-12 B) 60% differ- 
entiated cells. 



Table 3. Interferon Inducibility of Differentiating EC Cells 



measuring the amount of viral RNA synthesis by 
pulsing with 3 H-uridine after treatment with acti- 
nomycin to suppress host cell RNA synthesis. The 
results (Figure 1) show that virus grew well in all 
four cell lines-in fact, rather better in the lines 
that could not produce interferon (247-DESCU and 
299-3) than those that could (SV40-CI 2 and PYS-2). 
The virus also grew well and induced the produc- 
tion of interferon in another differentiated cell line, 
LTP (data not shown). We concluded that there 
was no evidence that the EC cells were in the 
hyporesponsive state. The production of virus RNA 
in infected cells meant that the virus RNA reduction 
assay, which we have used routinely for interferon 
titrations (Atkins et al., 1974), could be used to 

Table 2. Attempted Interferon Induction In EC Cells (DESCI,)* 



Interferon 
Titer 



Inducer 


(log.o 
Units) 


Poly(rl.rC) (50 fig/m\) 


<0.5 


Poly(rLrC) (50 M g/ml) + DEAE-DX (100 ^g/ml) 


<0.5 


Poly(rl.rC) (50 M g/ml) followed by cyclohexi- 




mide and actinomycin b 


-0.25 


Ultraviolet irradiation followed by poly(rl.rC) 




(50 Mg/mtf 


-0.25 


NDV (2.6 x 10* pfu)* 


<0.5 


Ultravlolet^NDV (ultraviolet-irradiated to 8 x 10 4 




pfu) 


<0.5 


Semliki Forest virus (1.9 x 10* pfu) 


<0.5 


NDV (2.6 x 10* pfu) in ceils primed with 10, 50 




or 100 units of interferon 


All <0.5 


Poly(rl.rC) (50 fig/mt) in cells primed with 10, 




50 or 100 units of interferon 


Ail <0.5 



• 4.0 x 10* cells per culture. 

b Using the conditions of Havell and Vilcek (1972). 

« Using conditions determined to be optimal for human foreskin 

fibroblasts as described by Mozes and Vilcek (1975). 

-Strain B1. 



Cell Treatment 


Cell Number 


Interferon Titer 
(log l9 Units) 


Interferon Titer/ 
10* Cells 


Maintained at high density 


1.83 x 10* 


0.90 


4 


Induced first day at low density 


4.15 x 10* 


<0.5 


<7 


Induced second day at low density 


5.14 x 10* 


1.0 


20 


Induced third day at low density 


2.69 x 10' 


1.9 


300 


Induced fourth day at low density 


3.0 x 10 s 


2.20 


550 


Induced fifth day at low density 


3.95 x 10 s 


2.95 


2270 


Induced sixth day at low density 


3.0 x 10* 


3.10 


4230 



Experimental Procedures ^7**17,7 . ! '«»"»™-lnduced each day with NDV as inducer, as described in 

oi [ uTis «penmem " VeraSe ««°™™«o™ on each day; similar results were obtained In a repeat 
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Figure 1 . Multiplication of Semlikl Forest Virus In Teratocarclnoma Cells 

Cells were infected at a multiplicity of -10. and virus RNA synthesis and virus infectlvlty were determined as t d u escrlb f^ n J^ eri ^^| 
Procedures. The cultures of 299-3, PYS-2 and SV40CI. contained about 2 x 10- cells in a 3-5 cm petri dish; those 
about 2 x 10» celts in the wells of a Linbro disposable tray. In the latter case, the radioactive counts have been multiplied by 10 to correct 
for this difference. 



determine how sensitive the various cell lines were 
to the antiviral effect of interferon. In this experi- 
ment, we used L cells and various teratocarcinoma 
cell lines (Table 4). These cells were exposed to a 
high titer preparation of interferon to determine 
whether this would protect the cells from virus 
infection and replication. The action of interferon 
was measured by noting its effect on virus RNA 
synthesis after infection by SFV, an interferon-sen- 
sitive virus. If the cells were insensitive to the 
action of interferon, then they would not be pro- 
tected against the virus and the added interferon 
would appear to have no effect; this would be 
described as a low interferon titer. Conversely, if 
the cells were protected by interferon, then the 
interferon would appear active and it would be 



described as possessing high titer. Both EC cells 
(247-DESCl*) and the 299-3 cell line were not pro- 
tected from virus infection and replication by inter- 
feron. These were described as insensitive to the 
action of interferon despite the fact that there is a 
slight effect of the added interferon on virus repli- 
cation, as shown by the low rather than zero titers. 
These low titers are probably due to nonspecific 
effects of the unpurifted mouse interferon which 
cause a small reduction in viral RNA synthesis. 
Note that the differentiated cell lines and L cells 
are protected by interferon against virus infection 
and replication by almost the same extent. This is 
shown by the high interferon titers in Table 4. The 
insensitivity of the 299-3 cell line to interferon was 
confirmed by measuring the plaque size of Semliki 
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Table 4. Interferon Sensitivity of Various Mouse 
Teratocarcinoma Cells and L Cells 





Titer of a Single 




Preparation of Mouse 




Interferon When Titrated 


Cell Line 


in the Different Cell Lines 


(log,* Units) 


L 


4.80 


Embryonal Carcinoma DESCI, 


0.30 


299-3 


0.90 


Differentiated Cell Lines PYS-2 


3.45 


SV40-CI, 


4.30 


LTP 


4.20 



The interferon titer is a measure of the ability of added Interferon 
to inhibit the replication of Semliki Forest virus. Since the titer is 
the reciprocal of the dilution reducing viral yield to 50% of 
controls, low figures demonstrate that added interferon is poor 
at reducing viral replication, and that these cells have a reduced 
sensitivity to the protective effect of interferon. 



Forest virus, since interferon production is known 
to be one of the factors governing plaque size 
(Fauconnier, 1970). The experiment could not be 
performed with the EC cell line DESCI, because 
the cells could not be grown out to a confluent 
sheet before differentiation took place. The results 
(Table 5) showed that the virus caused much larger 
plaques in 299-3 cells than in the cell lines that 
produced interferon, and therefore further suggest 
that interferon is not produced by 299-3 cells. 

To establish that interferon sensitivity was not 
due to selection of a minor population of cells in 
the EC culture, a single sample of interferon was 
titrated in a series of cultures of the OC15S1 line of 
EC cells, in which differentiation takes place ac- 
companied by little cell division. The results (Table 
6) showed that the EC cells were almost completely 
insensitive to mouse interferon, and that a culture 
which had been allowed to differentiate for 2 days 
had a sensitivity intermediate between that of the 
EC cells and that of the final culture of epithelial 
cells. 

Discussion 

Only a few cells of mammalian or avian origin have 
previously been shown to be unable to produce 
interferon, and this is the first report of a cell that 
is insensitive to interferon. Several cell lines, in- 
cluding Vero (African green monkey), BHK/21 and 
CHO-KI cell lines have been shown to be incapable 
of producing interferon although they are all sen- 
sitive to its action (Desmyter, Melnick and Rawls, 
1968; Taylor-Papadimitriou and Stoker, 1971; Mor- 
gan, 1976). 

We.have shown that embryonal carcinoma cells 
must contain the genes responsible for both the 



Table 5. Plaque Size of Semliki Forest Virus in Mouse 
Teratocarcinoma Cells 



Cell Line 


Virus Titer 


Plaque Size 


299-3 


2.9 x 10 7 


4.0 mm 


PYS-2 


1.07 x 10 1 


1.5 mm 


SV40-CI, 


6.2 x 10« 


1.0 mm 


LTP 


1.49 x 10 7 


1.5 mm 



A single stock of virus was used. 



Table 6. Interferon Sens itivity of Differentiating EC Cells 

Titer of a 
Single 
Preparation 
of Mouse 



Cell Treatment 


Interferon 
(log ,„ Units) 


Cells maintained at high density 


0.60 


Interferon added second day at low density 


2.7 


Interferon added fourth day at low density 


3.7 


Interferon added sixth day at low density 


3.65 



EC cells (0C15S1) were allowed to differentiate In culture, and a 
single preparation of interferon was titrated after Incubation on 
the days shown. This preparation of mouse interferon had a titer 
of 4.5 log ,„ units In L cells. 



induction and action of interferon, but in a re- 
pressed state, and that the genes in question are 
inducible in the differentiated cells, whether in 
pure culture or in a mixed culture along with EC 
cells. Thus the process of differentiation into cells 
which resemble embryonic endoderm Is accompa- 
nied by the activation of the interferon system, and 
the production of both sensitivity to interferon can 
be used as a marker in studies on differentiating 
teratocarcinoma cells (compare Adamson, 1976). 

The EC cells supported the growth of Semliki 
Forest well, the virus growing to slightly higher 
titers than in the differentiated lines, possibly be- 
cause of the lack of an active interferon system. 
The reported failure of SV40 and polyoma virus to 
infect these cells is not due to the endogenous 
production of interferon, and the block must lie 
elsewhere. 

Two groups have recently shown that EC cells 
were resistant to ecotropic C-type viruses, but that 
the viruses will multiply in the differentiated cell 
lines. Peries et al. (1977) found that neither murine 
sarcoma virus nor murine leukemia virus would 
replicate in cells, but that both would replicate in 
the derived differentiated cells, while Teich et al. 
(1977) also found that EC cells were resistant to 
infection by murine leukemia virus, although they 
were sensitive to infection with viruses . whose 
replication does not involve integration, such as 
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EMC, Sindbis, VSV and vaccinia viruses. In con- 
trast, the differentiated cells (excluding endoderm) 
were susceptible to murine leukemia virus, al- 
though the number of cells infected and the yields 
of virus were extremely low. 

The failure to activate genes responsible for the 
interferon system and the failure of tumor viruses 
to integrate suggest that in both cases, the genome 
is masked in some way. 

Experimental Procedures 
Cells 

The ceil lines were 247-DESCI, and OC15S1*. mu It I potential carci- 
noma cell clones; 299-3, an embryonal cell done; T76-12A and 
B, two embryonal carcinoma cell lines; PYS-2, a parietal yolk sac 
cell clone; LTP, a differentiated line of fibroblasts; and SV40-CI,, 
a cell clone derived from SV40-infected, mixed teratocarcinoma 
(embryonal carcinoma and differentiated cells) (Lehman et ai., 
1974; Swartzend ruber and Lehman. 1975). 

The 247-DESCI, was maintained in culture as nearly (95-99%) 
pure embryonal carcinoma; if allowed to differentiate, however, 
these cells are capable of producing a multiplicity of differentiated 
cells and tissues. The 247-DESCI, cells used (n these experiments 
were pure embryonal carcinoma, since the cells were near diploid 
(Swartzend ruber. Cram and Lehman, 1976), produced teratocar- 
cinomas when injected into adult 129/ J strain mice and were not 
Infected (measuring T antigen, V antigen and infectious virus) 
with either SV40 or polyoma viruses. The 299-3 line produced 
teratocarclnomas upon injection into 129/J strain mice, but the 
differentiated tissues were restricted to neuroepithelium. A major- 
ity of the cells of this line were resistant to infection with SV40 
and polyoma viruses. This line retains numerous characteristics 
of the embryonal carcinoma cells, but is restricted in its potential 
to differentiate. The two differentiated lines. LTP and PYS-2, did 
not produce teratocarclnomas when inoculated Into animals. If 
the animals were irradiated (500 r). however, a few tumors were 
produced, a fibrosarcoma (LTP) and parietal yolk sac tumor 
(PYS-2). The PYS-2 line produced basement membrane (Lehman 
et ai.. 1974). Both lines are tetraploid, and susceptible to SV40 
and polyoma virus Infection. In the line SV40-CI,. approximately 
100% of the cells were positive for SV40 T antigen; the cells are 
tetraploid and not capable of producing teratocarclnomas when 
Injected into adult animals. Since SV40 Is capable of infecting 
only the differentiated cells (Swartzend ruber and Lehman, 1975), 
this indicates that these cells were derived from a differentiated 
cell population. Two lines (T76-12 A and B) were developed from 
embryoid bodies obtained from the ascites of an intraperitoneal 
solid teratocarcinoma. These cells were allowed to differentiate 
and contained >60% differentiated ceils in the population as 
determined by the above criteria. 

OC15S1 was maintained by subculturing daily by plating 2 x 
10* cells per 50 mm dish. The cells of OC15S1 with EC cell 
morphology form teratocarclnomas with ciliated and glandular 
eplthelia and with cartilage (McBurney. 1976). In culture, they 
form striated beating muscle (C. F. Graham, unpublished data) 
and nerve (Adamson, 1976). They are therefore pluripoteht. tu- 
morlgenic, embryonic stem cells which resemble other EC cell 
lines. For differentiation, these cells were incubated in PBS 
(solution A of Dulbecco and Vogt, 1954) containing 0.5 mM 
EGTA at 37^C for 30 min. After vigorous pipetting, the majority of 
cells are single (at least 95%) and are plated at low density (2 * 
10 s cells per 50 mm dish) on a gelatin-coated dish (Yaffe, 1973) 
with 2 ml of o-modified medium (Stanners, Elicelri and Green, 
1971J lacking nucleosides and deoxynucleosldes and containing 
5% (v/v) heat-inactivated calf serum and 0.05 mM dibutyryl cyclic 
3'5'-adenosine monophosphate (Sigma Chemical Company, 
Pound Lane, London). The medium was preequilibrated with 5% 



CO, in air and changed every 2 days. Under these conditions, 
there is some cell death during the first 2 days of culture (up. to 
50% death), but subsequently there is little or no eel) death, and 
the cell number increase is very slow, approximately doubling 
during the following week. At the end of this period, about 90% 
of the cells look like epithelial cells. L cells were maintained in 
Eagle's minimum essential medium (EM EM) plus 10% fetal calf 
serum (FCS). Chick embryo cells were prepared as described by 
Morser, Kennedy and Burke (1973). 

Viruses 

NOV (strains B1 or F) was grown in fertile 10 day old hen eggs, 
and infectivity was titrated in primary chick embryo cells. UV- 
NOV was prepared by irradiating 1 ml aliquots of virus with 720 
erg/mm 8 from a General Electric germicidal lamp (G30TS) after 
overnight dialysis against phosphate-buffered saline. SFV was 
grown in chick embryo cells in suspension (Kennedy and Burke, 
1972) and titrated in primary chick embryo cells. 

Production and Assay of Interferon 

Interferon was induced by treatment with virus or poly(rl.rC) for 1 
hr at 37°C then followed by washing with EM EM plus 2% FCS and 
incubation in the same medium at 37°C for 24 hr before harvest- 
ing the fluids. Samples for interferon assay induced by viruses 
were dialyzed for 5 days (NDV and UV-NDV) or 1 day (SFV) against 
a pH 2 buffer to destroy virus, before dialysis against Earle's 
buffered salt solution overnight. Interferon was assayed by a 
micro-modification of the viral RNA reduction assay (Atkins et 
a!.. 1974) in which five serial 0.5 log t0 dilutions of Interferon were 
incubated overnight with 10 s L cells In small glass vials, before 
challenge with 250 pi of SFV (1 x 10 7 pfu) In the presence of 
actlnomycln (1 pg/ml) and the addition of 250 pi of 'H-uridlne 
(final concentration 1 pCi/ml) 2 hr later. This concentration of 
actinomycln was sufficient to depress cellular .RNA synthesis to 
22% of control and thus make It possible to measure viral RNA 
synthesis. The assay was terminated 3 hr after the addition of the 
isotope by withdrawal of the fluids and washing with ice-cold 
0.9% NaCI, ice-cold 5% TCA (twice) and 95% EtOH. The dried 
cell sheets were dissolved in 100 pi Soluene (diluted 1:3 with 
toluene) before the addition of 2 ml of scintillation fluid and 
counting. The interferon titer was defined as the reciprocal of the 
dilution causing a 50% depression in virus RNA synthesis. The 
results are expressed in international reference research units 
and all assays contained an internal standard. Interferon assays 
In mouse teratocarcinoma cells used Linbro trays since the cells, 
particularly the EC cells, adhered better to the plastic. The dried 
ceil sheets were dissolved in 500 pi of 0.25 M NaOH, and 250 pi 
were added to a suitable scintillator before counting. 

Virus Growth in Teratocarcinoma Cells 

Cells (2 x 10* In a 3.5 cm petri dish, or 2 x 10* in a Linbro . 
disposable tray) were infected with SFV (500 pi per petri dish at a 
multiplicity of 10; 250 pi per Linbro tray at a multiplicity of 50) for 
1 hr at 37X in EMEM plus 2% FCS and 1 pg/ml actinomycin. The 
cells were then washed twice with EMEM plus 2% FCS and 1 pg/ 
ml actinomycin before incubation with 2 ml per petri dish or 500 
pi per Linbro tray of the samo medium. At Intervals, the fluids 
were withdrawn and stored at -7CC for subsequent plaque 
assay, and *H-uridine (2 pCi/ml) in EMEM + 2% FCS and 1 pg/ 
ml actinomycin were added (500 pi per petri dish or 250 pi per 
Linbro tray). After 1 hr. the cell sheets were washed, dried, 
dissolved in 0.25 M NaOH and counted as described for the 
Interferon assay. 

Acknowledgments 

We thank Martha Ely and Maggie Colby for excellent technical 
assistance, and Dr. Donna Lindstrom for her help in the early 
stages. We also thank the International Union against Cancer for 
an Eleanor Roosevelt International Travelling Fellowship (to 



Ceil 
248 



D.C.B.). This work was also supported by grants from the National 
Cancer Institute (to J.M.L.), a grant from the American Cancer 
Society (to D. M. Prescott) and grants from the Medical Research 
Council (to D.C.B. and C.F.G.). We thank Dr. David Prescott for 
his kind hospitality in Boulder. 

The costs of publication of this article were defrayed In part by 
the payment of page charges. This article must therefore be 
hereby marked "advertisement" in accordance with 18 U.S.C. 
Section 1734 solely to indicate this tact. 

Received October 17. 1977; revised December 1, 1977 

References 

Adamson, E. D. (1976). Isoenzyme transitions of creatine phos- 
phokinase. aldolase and phosphoglycerate mutase in differentiat- 
ing mouse ceils. J. Embryo!. Exp. Morphot. 35, 355-367. 
Atkins, G. J., Johnston, M. D.. Westmacott, L. M. and Burke, D. 
C. (1974). Induction of Interferon in chick cells by temperature- 
sensitive mutants of Sindbis virus. J. Gen. Virol. 25, 381-390. 
Breinig, M. C, Armstrong, J. A. and Ho, M. (1975). Rapid onset 
of hyporesponsiveness to interferon induction on re-exposure to 
polyribonucleotides. J. Gen. Virol. 26, 149-158. 
Desmyter, J., Melnick, J. L. and Rawls, W. E. (1968). Defective- 
ness of interferon production and of rubella virus interference in 
a line of African green monkey kidney cells (VERO). J. Virol. 2, 
955-961. 

Dulbecco, R. and Vogt, M. (1954). Plaque formation and isolation 
of pure lines with poliomyelitis viruses. J. Exp. Med. 99, 167-182. 
Fauconnier, B. (1970). Viral auto-inhibition studied by the effect 
of anti-interferon serum on plaque formation. Arch. Ges. Virus- 
forch.3J, 266-272. 

Haveil, E. A. and Vllcek, J. (1972). Production of high-tltered 
Interferon in cultures of human diploid cells. Antimicroblol. Ag. 
Chemotherapy 2, 476-484. 

Illmensee, K. and Mintz, B. (1976). Totipotency and normal 
differentiation of single teratocarcinoma celts cloned by injection 
into blastocysts. Proc. Nat. Acad. Sci. USA 73, 549-553. 
Kelly, P. and Boccara, M. (1976). Susceptibility of teratocarci- 
noma cells to adenovirus type 2. Nature 262, 409-41 1 . 
Kennedy, S. I. T. and Burke. D.C. (1972). Studies on the structural 
proteins of Semliki Forest virus. J. Gen. Virol. 14, 87-98. 
Kleinsmlth, L. J. and Pierce. G. B. (1964). Multipotentiality of 
single embryonal carcinoma cells. Cancer Res. 24, 1544-1551 . 
Lehman, J. M., Speers, W. C, Swartzend ruber. D. E. and Pierce, 
G. B. (1974). Neoplastic differentiation: characteristics of cell 
lines derived from a murine teratocarcinoma. J. Cell Physiol. 84, 
13-28. 

McBurney, M. W. (1976). Clonal lines of teratocarcinoma cells in 
vitro: differentiation and cytogenetic characteristics. J. Cell Phys- 
iol. 89. 441-455. 

Martin, G. R. (1975). Teratocarclnomas as a model system for the 
study of embryogenesis and neoplasia. Cell 5, 229-243. 
Morgan, M. J. (1976). The production and action of interferon in 
Chinese hamster cells. J. Gen. Virol. 33, 351-354. 
Morser, M. J., Kennedy, S. I. T. and Burke, D. C. (1973). Virus- 
specified polypeptides in cells Infected with Semliki Forest virus. 
J. Gen. Virol. 2f, 19-29. 

Mozes. L. W. and Vilcek. J. (1975). Distinguishing characteristics 
of interferon induction with poly (I), poly (C) and Newcastle 
disease virus in human cells. Virology 65, 100-111. 
Papaioannou, V. E.. McBurney. M. W., Gardner, R. L. and 
Evans. M. J. (1975). Fate of teratocarcinoma cells injected into 
early moGse embryos. Nature 253, 70-73. 
P6rids, J.. Alves-Cardoso, E., Canivet, M., Debons-Guiliemin, M. 
C. and Lasneret, J. (1977). Lack of multiplication of ecotropic 
murine C-type viruses In mouse teratocarcinoma primitive cells. 



J. Nat. Cancer Inst. 59, 463-465. 

Pierce, G. B., Dixon. F. S., and Verney, E. L. (1960). Teratogenic 
and tissue forming potentials of the cell types comprising neo- 
plastic embryonal bodies. Lab. Invest. 9, 583-602. 
Sheaff. E. T.. Meager, A. and Burke. D. C. (1972). Factors 
involved in the production of interferon by Inactivated Newcastle 
disease virus. J. Gen. Virol. T7, 163-175. 
Stanners. C. P.. Ellceirt. G. L. and Green. H. (1971). Two types of 
ribosome In mouse-hamster hybrid cells. Nature New Biol. 230, 
53-54. 

Stewart, W. E. II. Gosser, L. B. and Lockart. R. Z., Jr. (1971). 
Priming: a non-antiviral function of interferon. J. Virol. 7, 792- 
801. 

Swartzendruber, D. E. and Lehman, J. M. (1975). Neoplastic 
differentiation: interactions of simian virus 40 and polyoma virus 
with murine teratocarcinoma cells in vitro. J. Cell Physiol. $5, 
179-188. 

Swartzendruber, D. E., Cram. L. C. and Lehman, J. M. (1976). 
Microfluorometric analysis of DNA content changes in a murine 
teratocarcinoma. Cancer Res. 36, 1894-1899. 
Taylor-Papadlmltriou, J. and Stoker, M. (1971). Effect of Inter- 
feron on some aspects of transformation by polyoma virus. 
Nature New Biol. 230, 114-117. 

Teich, N. M.. Weiss, R. A.. Martin. G. R. and Lowy, D. R. (1977). 
Virus infection of murine teratocarcinoma stem cell lines. Cell 
12, 973-982. 

Vilcek, J. and Ng, M. H. (1971). Post-transcrlptional control of 
Interferon synthesis. J. Virol. 7, 588-594. 
Yaffe, 0. (1973). Rat skeletal muscle cells. In Tissue Culture: 
Methods and Applications. P. F. Kruse and M. K. Patterson, eds. 
(New York and London: Academic Press), pp. 106-114. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

& BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 
jQ) BLURRED OR ILLEGIBLE TEXT OR DRAWING 



□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




